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FOREWORD

This io Report No, 16 (Final Report) on Armour Research Foundation
(ARF) Project 8203 covering the period of June 1960 through October 1961,
on Contract No. Af33(616)-7465, This contract was initiated under Project
7350, Task No. 735001, "Refractory Inorganic Non-Metallic Materials". This
contract is un-ler the direct supervision of the Ceramics and Graphite Branch,
Metals and Ceramics Laboratory, Directorate of Materials and Processes,
Aeronautical Systems Divislion (ASD) with Lt. J. B, Blandford and Mr, J, D.
Latva as the ASD Technical Monitors,

This program is under the overall direction of N. A. Weil, Project
Manager. The specific Tasks are identified by numbers, titles and principal
investigators as follows:

Task I - Effec. of Structural Size; "iThe Zero Strength"
S, A. Bortz, Armour Research Foundation

Task 2 - Effect of Strain Rate

H. R, Nelson, Armour Research Foundation
Task 3 - Effect of Non-Uniform Stress Fields

N. A. Weil, I. M.. Daniel, Armour Research Foundation
Task 4 - Effect of Microstructure

P. R. V. Evans, Armour Research Foundation
Task 5 - Internal Friction and Lattice Defects

P. D, Southgate, Armour Research Foundation
Task 6 - Effect of Surface Energy in Brittle Fracture

N. J. Petch, University of Durham, England
Task 7 - Fracture Mechanisms

E, Orowan, M istachusetts Institute of Technology
Task 8 - Impurity Influences

I. 1. Cutler, University of Utah
Task 9 - Static Fatigue, Delayed Fracture

R, J. Charles, General Electric Company
Task 10 - Effect of Thermal-Mechanical History

R. J, Stokes, Minneapolis-Honeywell Res, Labs
Task I I- Surfaca Active Environments

G. T. Murray, Materials Research Corporation

Tasks 6, 7, 9 and 1 , are monitored by N. A, Weil, while Task 8 is
under the supervision of L M. Atlas, and Task 10 is monitored by W. Rostoker.
Project Engineers and conrfl,4ting personnel are listed in the respective Task
contributions.



ABSTRACT

Extensive research on factors influencing the behavior of brittle
non-metallic ceramics was undertaken. General information on the
fo r %, of Al 2 OA and MgO studied and preliminary work on the effect
of porosity 5n The fracture strength of Lucalox (AlzO 3 ) are presented.
Ind /idual problem areas were attacked on separate task programs.

Task I - Effect of Structural Sizet
"The Zero Strength,"

Task 2 - Effects of Strain Rate

Task 3 - Effect of Non-Uniform Stress Fields

Task 4 - Effect ol Microstructure

Task 5 - Internal Friction Measurements

Task 6 - Surface Znergy on Brittle Behavior

Task 7 - Fracture Mechanisms

Task 8 - Impurity Influences

Task 9 - Static F&tigue: Delayed Fracture

Task 10 - Effect of Thermal-Mechanical History

Task 11 - Surface Active Environments

PUBLICATION REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER:

W. G. Ramke
Chief, Ceramics and ,:rL t Branch
Metals and Ceramics Learostcry
Directorate of Matrials and Processes
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I. INTRODUCTION

Unlike metals, inorganic nonmetallic refractories can exist in
two fundamentaly different forms: crystalline and amorphous, A

polycrystalline aggregate of a pure ceramic phase in planar section

appears very much like a metal, with a cellular network of interfaces

at the junctures of grains or subgrains of different crystallographic

orientation. Each grain is, in fact, a single crystal in terms of

uniqueness of orientation, the only absence of regular atomic lattice
development occurring at the interfaces by virtue of the orientaton

disregistries. This zone is generally narrow, and seldom exceeds

five atomic spacings,

Many nonmetallic materials-pure materials as well as homo-

geneous "alloys"-freeze on cooling to a solid state without crystal-

lization. The solid state remains amorphous and is regarded as a

subcooled liquid. Such structures are basically metastable; crystal-

lization can sometimes be induced by annealing at elevated tempera-

tures, although the kinetics of such transformations vary widely. In

selected systems it is possible to study not only the limiting states

(crystalline and amorphous) but also a phase mixture of these.

The crystalline and amorphous states operate under different

mechanisms for the initiation of fracture. Equal importance must

be attached to each, because at the present time there is no basis

for predicting which structural configuration offers the better expec-

tation of strength. Indeed, a material consisting of a phase mixture

of both structures may ultimately present the most promising solution,

but this can be appreciated only from a fundamental understanding of

the character of the individual types of composite structures.

In research aimed at developing such understanding of fundamen-

tals, it is customary to regard the mechanical behavior of solids as

being either brittle or ductile. Such sharp definitions are gradually

losing ground, owing to the discovery that most "brittle" materials,

ianuscript released by authors February 1961 for publication as an
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such as metals, metaloidls, intermetallics and isometric closely-

packed ionic crystals, are capable of limited amounts of deformation

by the mechanism of dislocation mobility and the development of slip

plane s.

Unfortunately, most nonmetallic solids behave in ways which

are quite unlike those of metals or 'ductile" ceramics, Because

their behavior is irregular, they are seldom investigated. Failure

to study less simple structures, such as multicrystal!ne or multi-

phase systems, is usually, defended by pointing to the difficulties'of

achieving adequate reproducibility or purity in them. Recent years,

however, have brought a gradual realization of the importance of

these problems, with the result that an increasing amount of research

is being devoted to the determination of the basic mechanisms govern-

ing the mechanical and electrical properties of structurally anisotropic,

multicrystalline, multiphase inorganic refractory materials,

This intensified attention focused on factors affecting the strength

of "brittle" substances, fostered by the need for being able to live with

this brittleness In structural applications, has resulted in intensified

research effort yielding an increased store of knowledge regarding the

phenomenological properties and behavior of these substances. Some

phenomena are quite well understood today, others have been repeatedly

found to fit empirically postulated rules so well that the basis or ade-

quacy of these formulations is seldom questioned.

Space does not permit to review here the current state of under-

standing regarding the fundamentals of brittle fracture; a reaconable

review of this subject has been presented recently ( l ), resulting from

work performed on this program. Since Reference 1, however, is

likely to be published as a classified document, an updated version of

this paper will be issued within four months, as an addendum to this

report. Suffice it to mention that the initiation of cracks is generally

accepted as being due to the mobilization of dislocations, which are

rather uniformly dispersed, even in pure substances, at something like

-2-"



100 atomic distances apart. Theme defects may take many forms, the

most common disarrays being those of a complete row (edge disloca-

tion) or a cylindrically cl mbing mismatch (screw dislocation). These

dislocations, or vacancies, are held firm in their surrounding 'atmos-

pheres" by the excess energy attendent to the disturbance in the ordered

atomic lattice. However, if this energy is overcome, either by temper-

ature or by applied stress, the dislocations can be mobilized. The en-

ergy required to achieve this mobility is called the activation energy,

and the stress at which this energy level is attained, the friction stress

of dislocations.

Once the dislocations are activated, they continue to run until a

natural obstacle is encountered. Thi!s physical motion of atoms (or
ions) leaves steps behind in an initially imooth surface, giving rise

to dislocation Slide bands. The bandii are generally associated with

areas of residual stresses, enhancing stress corrosive attack. Et-

chants will attack these areas preferentially, generating etch-pits

which provide tell-tale tracks allowing for the detection of th4 passage

of dislocations.

The barrier to further motion of dislocations is most often provi-

ded by a grain boundary, or sometimes, by another dislocation glide

band already activated in the material. At these barriers the disloca-

tions pile up; if this occurs for sufficient numbers of dislocations a

microcrack will form. This mechanism, then, is the One that leads

to crack initiation in the material.

This description implies that the mobilizing of dislocations is in-

variably associated with irreversible displacement. Conditions that

enhance the mobility of dislocations promote ductility (but generally

lower the strsngth); factors retarding the mobility of dislocations will,

in turn, lead to poorer ductility. The more these influences manifest

themselves, the greater the degree of brittleness of the material; in

the extreme, when dislocations are either completely absent (pure

atomic lattice) or locked rigidly in place, the material will exhibit
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purely elastic behavior and fail without a trace of plastic deformation

at very high strength values. In fact, the failure stress correspond-

ing to this condition is called the theoretical strength of the material.

Foreign ions (doing eltcments) in the host lattice, precipitate at

the grain boundary, certain types of thermal or mechanical treatment,

high rates of straining, or the application of nultiaxial stress fields,

all generally serve to increase the activation; energy of dislocations.

The result of these factors, in short, will be an embrittling effect ac,

companied by increased strength. This is also the case when dislo-

cation mobility is hampered by an increased number of barriers in tho

glide path, as is the case for a closer spacing of grain boundaries;

smaller grains also lead to higher strength, but reduced ductility.

The above discussion assumed tacitly that the material is dense

and contains no gross flaws, In many cases the ina4erial contains

numerous internal flaws which become operative at crack nucleation

mechanisms long before dislocation activation can be induced to act

as the crack initiation source. Such is the case with materials that

contain finely dispersed flaws, inclusions, or vacancies in the form

of pores. Under these circumstances the material may fail at stres-

ses far lower than those required to overcome the friction force of

individual dislocations.

Whatever the crack initiation , ichanism, failure will not ensue

until the "worst flaw" becomes capable of self-propagation under the

imposed state of stress. A good deal is understood about crack propa-

gation, there being two somewhat complementary theories dealing with

this subject. One theory is deterministic in nature, postulating that

a flaw can propagate provided its extension is accompanied by a net

liberation of strain energy in the material. This concept was first

formulated by Griffith, based upon the work of Inglis, and was proved

to hold for amorphous and completely brittle substances (such as glass)

in numerous investigations. The Griffith criterion entails only one

arbitrary constant, the crack depth, and bases the energy required
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to create new surfaces upon the theoretical surface energy of the sub-

stance. Experiments soon showed that the surface energy required

to allow for crack propagation in crystalline materials was far higher

than that derivable from purely elastic considerations. Hence, the

theory was amended by Orowan to include in the surface energy term

the plastic deformation energy dissipated in a narrow band underlying

the fracture surfaces. However, this induces a second arbitrary fac-

tor into the Griffith-Orowar theory, since the "effective surface energy"

term must be deduced from observed test results rather than being

known a priori.

Subsequent work extended the utility of the Griffith criterion to

the case of multiaxial stresses and non-uniform stress fields; in fact,

the theory has been applied with some success to account for strain-

rate effects and to predict conditions under which a running crack may

be halted or decelerated. At the same time, the Griffith theory cannot

explain size effects, different strengths corresponding to various load-

ing conditions, or account for the effect of grain sise and porosity in-

fluences (other than by an artificial variation of the surface energy

term).

The second failure theory is probabilistic in nature. Proposed by

Weibull, it is not concerned with the influence of a single crack on

fracture strength, but considers that a random distribution of flaws

exists in the material. Considering then the density and severity of

existing cracks, the theory assigns a certain probability of failure to

the body depending upon its size and the state of stress existing in it.

The Weibull theory also contains (in its simplest form) two arbitrary

constants: the stress level below which cracks simply cannot be propa-

gated (the 'sero strength") and a constant descriptive of flaw distribu-

tion and severity in the material. This statistical approach to fracture

can directly account for the variation in strength with volume, state

of stress or manner of loading. Regarding, however, such parameters

as temperature, grain size, porosity, skin effects or stress gradients,
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the theory is reduced to a condition of requiring arbitrary adjustments

in the empirical constants contained in it. When it comes, lastly, to

such considerations as strain rate effects or delayed fracture, the

Weibull theory is simply incapable to render a satisfactory account of

observed phenomena.

This oversimplified account of the current state of understanding

of fracture phenomena shows that, while a few items are understood,

many more require elucidation. Recognizing the need for a carefully

planned approach to this area of research, the Aevonautical Systems

Division decided to fund a broad study, allowing for a well-planned

and soundly organized approach to a fundamental investigation of the

parameters influencing the strength and failure characteristics of in-

organic non-metallic ceramics.

In selecting the research areas most worthwhile to e.-cplore on this
program, it was evident from the outset that, even as large a program

as this one could not resolve all of the challenging problems requiring

attention; the gaps in knowledge were too wide, the fundamentals some-

times questionable, and the specific results pertaining to structural

ceramics too few, Therefore, it appeared desirable to combine re-

search areas ranging from the very fundamental to the highly applied,

in order to achieve a maximum degree of utility for the overall pro-

gram.

It was decided early in the preparation for this effort that a single

contractor, even if broadly diversified, could not develop the maxi-

mum possible returns from this program; an effort concentrated solely

within one organisation, no matter how gifted its personnel, would suf-

fer from the stultifying effects of drawing only upon ideas available

"in house". Therefore, it was resolved to divide the program into

individtol. Task investigations, and to subcontract about half of the

Tasks to other loading industrial or academic research organisations

in order to obtain a large cross-fertilisation of ideas and approaches

to the central problem.
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Tho question of selection of suitable research areas for indivi-

dual Tasks posed a considerable problem. Some 14 major factors

having an effect upon the strength of brittle materials are discussed

In Reference I and this list is, by no means, exhaustive. The deci-

sion for initial areas of investigation was largely based upon the im-

portance of information sought, coupled with the possible degree of

success for attaining the stated goals of the program. These consi-
derations resulted in selecting 11 areas of research to be explored

on separate Tasks, whose brief identification by title is given below.

Task Brief Title

I Size Effects; "Zero Strength"
2 Strain Rate Effects

Non-Uniform Stress Fields
4 Effect of Microstructure
5 Internal Friction and Lattice Defects
6 Surface Energy Determinations
7 Fracture Mechanisms
8 Impurity Influences
9 Static Fatigue; Delayed Fracture

10 Effect of Thermal-Mechanical History
11 Surface Active Environments

A more comprehensive breakdown of the nature of the Tasks,
giving an overall presentation of the complete program scope as weU,
is presented in Table I. Of the total of 11 Tasks undertaken on this

program, five are conducted at Armour Research Foundation, while

six are carried out under subcontract in keeping with the philosophy

of general principles for this program as explained.

At the risk of oversimplification, one may generalize the nature

of individual research areas by observing that Tasks 1, 2, 4, 9 and 11
seek to inquire into factors whose effect on ths strength of brittle sub-

stances has been alrea4y explored to some degree for metals or other

materials displaying brittle behavior (plastics, glass, plaster of paris,

natural rocks), but whose qualitative or quantitative influence on the

strength of carefully prepared ceramic oxides was never explored in

any detail. Conversely, the information sought from Tasks 3, S, 6,
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7, 8 and 10 represents a novel departure. not previously investigated

in a searching manner.

Another aspect governing the planning for this program was that,

insofar as possible, the same materials be selected for experiments

conducted on each Task, to afford ready comparisons and provide
background data for the individual research undertakings. Observing

this requirement, A12 0 3 and MSO were selected as the principal ma-
terials to be studied on this program, because of their comparatively
ready availability both as single crystals, and multicrystals in reason-

ably large sizes, the particularly simple crystallographic nature

(ionic lattice) of MIO, and an extensive amount of prior literature

assembled regarding their behavior. In this context, A12 0 3 and MgO
are regarded as "model materials'; if their phenomenoingic behavior

is satisfactorily explored, it will open the way to an understanding of

the anticipated performance of other brittle substances (nitrides, bor-
ides, carbides, intermetallics) intended for structural use in ultra-

high temperature environments.

For purposes of basic studies, these materials are utilised in
three forms: (a) single crystals, (b) polycrystalline material of the

best density and purity consistent with commercially practiced fabri-

cation methods, and (c) polycrystals of the highest purity and density
attainable with the most demanding fabrication methods known at pre-

sent, which eliminate the influence of as many extraneous factors

(porosity, impurities) as possible. The consideration underlying the
utilization of two polycrystalline forms of the materials selected is

to extend results obtained with pure forms commercially available
substances which, if successfully accomplished, could yield design

data of direct applicability.

The proper organization and presentation of the results of a re-
search program as broad as the current one always poses some dif-

ficult problems. To maintain the continuity of presentation, and still
identify the specific problems attacked on each phase of the program,
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it has been decided to assemble general information pertaining to the

materials used in this program into a separate section dealing speci-

fically with this subject; this topic comprises Chapter U of the text.

The results of research carried out on this program are then summa-

rized in Chapters III and IV, where each Task is described as an indi-

vidual self-contained item. Thus, each of the Task reports are iden-

tified in regard to principal investigator and research organization,

and carry their own abstracts and conclusions; their figures, tables

and references are identified by a prefix corresponding to the Task

numbs r.

In addition to the final Task reports given in Chapters III and IV,

Appendix A presents the final report on '"Anelastic Phenomena in Poly-

crystalline Oxide Ceramics" by L. M. Atlas and J. M. Stuart. This

report was prepared as a result of an internally sponsored ARF pro-

gram, and is attached because of its close association with the current

work and planned continuation of Task 5 of the parent program.

As with all large research undertakings, the success of attaining

the stated goals of the overall program rests in large measure with

the guidance given it by the sponsoring agency. It is pleasing to acknow-

ledge in this regard the frequent exchange of helpful information, the

supply of reports dealing with related research programs, and the sug-

gestions advanced in the conduct of research by J. B. Blandford and

J. D. Latva, the Technical Monitors of this research program, as well

as by W. 0. Rarnke and J. 3. Krochmal from the Ceramics and Gra-

phite Branch, Directorate of Materials and Processes of the Aeronau-

tical Systems Division, USAF.

It is also pleasing to report that the research carried out to date on

this contract has already resulted in the oral presentation of two techni-
(1, 2)

cal papers . In addition, E. Orowan has submitted a technical note

for publication to Nature and a number of other papers are in prepara-

tion presenting the results of research conducted on this program.

-10-



REFERENCES

Weil, N. A., "Review of Brittle Fracture Criteria in Cer-
amic Materials", submitted for publication to the M. A. B. -
N. A. S. Symposium on Design with Brittle Materials,
Washington, D.C., (December, 1960).

Durelli, A. J., Morse, S. A., and Parks, V. J., "The
Theta Specimen for the Determination of Tensile Strength
of Brittle MateritIs", Ann. Mtg. Am. Cer. Soc., Toronto,
Canada (April, 1961) ,

- II-



11, MATERIALS

1. INTRODUCTION

As mentioned, the research carried out on this program is con-
cerned mainly with two oxides, Al203 and MSO, although other ionic

crystals such as KCI, NaCI, KI and CaF 2 are also being used for ex-

ploratory purposes by some of the Tasks, In addition, exploratory

work for several Tasks also utilized photoelastic materials (CR-39

and Plexiglas), Graphite, plaster of paris- and glass.

The magnesium oxide and aluminum oxide used as the principal

materials of research are explored an single crystals and in two forms

of polycrystalline material: a form whose purity and density is equal

to the highest levels attainable in normal commercial operations, and

an ultra-high density and purity polycrystalline material fabricated

specially for purposes of this investigation. The three varieties of

the two oxides, therefore, comprise six materials used throughout

the program for experimental purposes. Information regarding these

materials, concerning background data of general interest (such as

methods of fabrication, compositional analysis and general mechan-

ical properties) is given below.

2. ALUMINUM OXIDE

A. Single Crystals

This material is being supplied by the Crystal Products Section

of the Linde Company, a division of Union Carbide Corp. in East

Chicago, Indiana. Boules are available in sises up to 500 carats;

centerless ground specimens in maximum sizes of 3 in. length for

1/2 in. diameter, 10 in. length for 1/4 in. diameter and 18 in. length

for 1/8 in. diameter, The material is available in four finishes

(chemically etched, flame polished, mechanically polished and cen-

terless ground). A representative composition is: Fe 1-10 ppm;

Mg and Li 1-10 ppm; Mn, Sn, B undetected (within sensitivity of
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measurement of 10 ppm); Ag, C4, Cr, Cu undetected (within sensiti-

vity of measurement of 1 ppm); balance A12 0 3 ,

The material can be supplied with doping oxides up to the follow-

ing percentages: Cr 4.0; Ni 3.0; Co, Mo and V Z. 0; Cu 1.0;

Fe 0. 75.

B. High-Density Commercial Multicrystals (Wesgo AL995)

This material, and specimens fabricated from it, were supplied

by the Western Gold and Platinum Corporation (Wesgo), using a pro-
prietary composition labeled AL995. This material is listed as a

99. 5% Az0 3 body, with a bulk specific gravity of 3. 69 (theoretical =

3. 996); the esotimated density, thekefore, Is) 97. 35% of theoretical, and

the porosity does not exceed 3%. Major impurities consist of MgO,

SiO2 , CasO and Fe0 3 ; total impurities do riot exceed 0. 75%. A spec-

troscopic analysis of this material is presenited in Table II.

Table II

SEMI-QUANTITATIVE ANALYSIS OF WESGO AL995

Element Amount present (percent)

Al Principal Constituent
Mg 0.3
Si 0.3
Ca 0.04
Fe 0.02
Ga 0.01
Ti 0.006
Cr 0,006
Ni 0. 00Z
Cu 0.00005

By Chicago Spectro-Service Laboratory, Inc.

The Wesgo material is prepared from a starting powder, doped
with additives probably used as sintering aids. It is cold-pressed

and sintered, the latter operation consisting of firing for three hours
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at 17000 C, which produces an Al 2 0 3 ceramic with maximum electri-

cal properties, but represents a slight overfiring from viewpoint of

optimum mechanical strength. The annealing operation used for

some control specimens, consisting of a further three-hour soaking

at 1700 0 C, represents a considerable overfiring of this material,

To examine the grain size characteristics of "as-receivedIWesgo

AL995, specimens were sectioned and polished, and examined under

a monochromatic light using a B & 1, Metallograph with a calibrated

eyepiece. The grain size distribut .)n was found to vary bmtween 16

and 120,A. with an average of about 48,. ; the distribution curve is

slightly skewed toward the larger sizes. The grains show a large

variation in shape, ranging from low to intermediate sphericity.

The pores, in turn, show little variation in size or shape.

The same material, annealed at 1700 0 C for three hours, shows

a bimodal grain size distribution with maxima at 24 and 64^ , even

though the total size range remains within the limits of 16-12S in

the annealed material. The grains continue to have low to interme-

diate sphericity, the smaller grains being more angtlar than the

large ones. The pores show large variations in size and shape after

annealing.

The "as-received' Wesgo material indicated a s mall amount of

secondary grain growth, which became very proxnounced in the an-

nealed material. This secondary growth did not affect the strength

of the material, except to cause zones of high residual stresses

around the holes drilled to admit the loading pins. This led to pre-

mature failure in some of the spe'imens.

C. Ultra-High Density Multicrystals (Lucalox)

This material is a development of the Lamp-Glass Division of

General Electric Company which has been trademarked Lucalox.

At grain sizes in excess of 20 the material is a pure dense alum-

inutm oxide (99. 97 theoretical) with an essentially zero porosity and
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is largely translucent as compared to the opaque Wesgo AL995. The

results of a spectroscopic analysis of Lucalox are listed in Table III.

Table III

SEMI-OUANTITATIVE ANALYSIS OF LUCALOX*

Sample Crushed in Agate "As Received, 11 Not Mortared
Element Mortar, Amount Present Amount Present

(Percent) (Percent)

Al Principal Element Principal Element

Fe 0.07 0.002

Mg 0, 15 0.15

Ti 0.01 Not Detected

Mn 0.001 Not Detected

V 0. 004 Not Detectlid

Na 0.08 Not Detected

Cu 0. 0003 Not Detected

Ni 0. 0015 Not Detected

Ca 0.04 0.004

Cr 0. 002 Not Detected

Ga 0. 003 Not Detected

Si 0.03 0.03

L
By Chicago Spectro-Service Laboratory, Inc.

A grain size determination showed a distribution ranging from 32

to 64.& with an average of approximately 48,A4 . The distribution was

symmetrical and the grains were of uniform shape, with a few small

pores of uniform size and shape distributed evenly in the material.
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At grain sizes above 30/," the material approaches theJ theoreti-

cal density for Al2 0 3 (3. 996 I/cc); below this grain size the density

gradually decreases to about 97. 2% theoretical at a grain size of 1,

as shown in Fig. 1. Lucalox is composed of grains of very uniform

size; as anticipated, at a grain size of 5. a small amount of inter-

granular porosity is observable, as illustrated in the photomicrograph

of Fig. 2. Details of the manufacturing procedures used in the pro-

duction of Lucalox are proprietary and therefore not available.

100

80 -

40 -

30
U

SURFACE GRAIN SIZE -

Fig. 1 STRENGTH AND DENSITY OF LUCALOX AS A FUNCTION OF
GRAIN SIZE
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D. Preliminary Studies on.AIZ_23

Before proceeding with large scale testing of the two grades of

Also 3 used in the program, a preliminary study was undertaken to

validate information obtained from the sources of supply of the ma-

terial, and, to gain some insight into the anticipated properties of the

materials to be used.

Initial information released by the manufacturer of Lucalox in-

dicated a strength of 55, 000 psi. Inquiries made in this'regard re-

vealed that the reported data were obtained on highly polished bars,

1/4 in. square in section and I in. long, loaded over a 5/8 in. span

in three-point bending. Therefore, as-received Lucalox specimens

having an average grain size of 414. , were cut into the shape de-

fined above, and subjected to a three-point loading over a span of

5/8 in. A total of nine bars were used to study the additional ef-

fects of surface finish, three bars were left In the as-received con-

dition, three were given a mild polish to remove the gross surface

defects, and the last three were given a high polish. A group of

three as-r4)ceived Wesgo AL995 specimens were also tested at the

same time. The results of these experiments are given in

Table IV. The last line included in Table IV pertains to a set of

three "maximum strength" Wesgo specimens tested in the as-

received condition. This material is specially processed by the

company for outstanding strength properties and costs about 50%

more than the normal production materials.
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Table IV

ROOM TEMPERATURE BENDING STRENGTHS

OF AlZ0 3 SPECIMENS

Material and Extreme Fiber Strength, (l03 psi)

Finish Spec. I Spec. 2 Spec. 3 Average

Lucalox, 28.4 26.2 27.6 27.4
As Received

Lucalox,

Semi-Polished 30.9 35.5 29.4 31.9

Lucalox, Polished 34.8 40.5 39.9 38.4

Wesgo AL995, 41.1 31.0 43.5 38.5
As Received

Wesgo "Maximum
Strength" Al2 0 3  52.7 55.5 61.8 56.7
As Received

1/4-in, square cross section specimens, tested over 5/8 in. span

in 3-point bending.

The average fractqye strength obtained for the polished Lucalox

is 38, 400 psi, corroborating the strength of 39, 000 psi shown in Fig.

1 for an average grain size of 48/, . The effects of surface finish

are seen in the 16. 6% increase in rupture strength for semi-polished

samples and the 40. 2% increase for a highly polished surface. This

indicates the sensitivity of the fracture strength of a bending sample

to the presence of surface flaws.
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A rather unexpected result was the considerably higher strength

of the Wesgo material than the Lucalox at comparable grain sizes,

despite the higher porosity of the former. This is very likely to have

its origin in what can best be termed the "textural properties" of the

material. According to the Petch relationship, cracking should

clearly initiate in the largest grain subject to a given stress. Since

the Wesgo AL995 has, because of its wider grain size distribution,

largor grains than those to be found in Lucalox of the same average

grain size, crack initiation should require a lower itress in the for-

mer. Therefore, one must rule out crack initiation considerations

as an explanation of the observed strength relationship, and seek an

answer for this apparent anomaly in conditions governing the propa-

gation of already nucleated cracks.

In the case of Lucalox, a crack which has begun to propagate has

little in its way to stop it. While it is probable that grain boundaries

have some dispersing action on the stress concentration at the tip of

the crack, this is apparently not a very effective barrier to continued

crack propagation. In contrast, Wesgo AL995 has two textural pro-

parties which may be potentially effective crack barrierst pores and

very small grains, The crack retarding effect of a small pore is well

known and need not be further belabored. However, the possible bar-

rier effect of small grains acting as a matrix between large crystals

has not been given much consideration. As is well known, the Grif-

fith propagation theory postulates that the crack is running into a

uniform stress field, an assumption which is not particularly appli-

cable to a polycrystalline material. In this case, the stress field is

more apt to be fluctuating (because of the influence of grain boundaries

and pores), akin to the more periodical fluctuation of the potential field

in a crystal lattice. When the fluctuations are far apart, compared to

the critical size of a crack needed for propagation, the cracks develop

their full velocity and easily jump the grain boundary barriers. How-

ever, if a crack initiates in a large grain, but then has to traverse a
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series of very small grains with only short distances between the

boundaries, its momentum may be much diminished. Consequently

it may be brought to a halt at small discontinuities which would not

effectively stop a more rapidly propagating crack. These consider-

ations lead to the interesting conclusions that polycryutalline cera-

mics might, in effect, be strengthened by the presence of a small

residual porosity 4nd by a widening of the distribution around the

average value of grain size.

Additional evidence of the possibility of this behavior is that

while the as-received Wesgo material with an average grain size

of 45,. has approximately the same strength as the polished Luca-

lox, a slightly lower density Wesgo material with an average grain

size of 10o. has a strength considerably lower than polished Lu-

calox specimens having a comparable grain size of I0Old"

E. Influence of Porosity on Strength of Lucalox

Because of the questions raised by the preliminary studies

described in the previous section, it was decided to review the

available evidence on the influence of porosity and grain size upon

the strength of brittle materials.

Without attempting to make a complete, review of this problem,

it may be mentioned that two general formulations have been pro-

posid to relate the strength of brittle bodies to the porosity contained

in thf..n. One is due to Balshin(1 ) which expresses the strength d'
p

of a porous body in the form

where or is thn strength of the dense body, r is the relative density

(r = 1 -p; p = porosity), and m is a numerical exponent varying

between 3 and 6. The second formulation is due to Rysbkewitch(2Z who,
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in a detailed investigation on polycrystalline A12 03 and ZrO, noted

that they varied exponentially with a decrease in porosity. This ob-

servation waw formalized by Duckworth ( 3 ) who in a discussion of

Ryshkowitch' paper proposed the form

&. = C" a-bp (2)

p

where b is a numerical constant generally varying between 4 and 9.

Actually, both of these formulations must be considered as partial

simplifications of more complex phenomena. The effect of porosity on

strength should be a composite of two independent influences: the

amount of material removed from the material by the pores, and the

stress concentration factors attributable to them. The first effect is

purely volumetric. The second effect, however, would consider

whether the material contains many small voids or a few large pores,

and assign! different weakening factors to the corresponding textural

effects. Additional considerations may involve the uniformity of sise

and distribution of pores, which must be attacked by statistical con-

siderations.

As long as pores art roughly proportional in size to the void ratio

and grain size, these parameters will not manifest themselves separ-

ately, but will be submerged into expressions that take into account

only the influence of grain size and porosity on the strength of the ma-

terial. This, in fact, is frequently the case with polycrystalline mater-

ials. For these conditions, Eq. I and 2 will than be quite representative;

the choice between them must then be made on the basis of correlations

with experimental results after, of course, suitable allowance is made

for the inclusion of the grain size effect into the corresponding equations.

Tests appear to indicate that the Ryshkewitch relationship is a better

description of observed phenomena; this expression has, therefore,

found rather wide acceptance. A detailed study on this subject has been

recently carried out by Knudsen ( 4 ) who, after careful examination of the
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available theoretical and experimental evidence, suggested the adop-

tion of Eq. 2, combined with a strength-grain site relationship of

6- . k d "a (3)

where d is the grain site, while a and k are constants. The com-

plete form of the relationship proposed by Knudsen, therefore, reads

ak d b ebp (4)

and its applicability was shown to hold for a wide variety of materials,

with values of a ranging between 0. 2 and 0. 9. Further confirmation
of this relationship has been given in a recent paper by Spriggs and
Vasilos {5 ) who, for Al2 O3 found a x 1/3. They further proposed a re-

lationship similar to Eq. 2 for the modulus of elasticity of the material,

in the form

E E e "B p  (5)

where E p and E are the moduli ol elasticity pertaining to the porous

and dense material, respectively. The value of the constant B in

Eq. 5 was found to be 4. 5 for both Al 2 0 3 and MgO.

A possible objection to the relationship embodied in Eq. 3 is that

it predicts a vanishing strength with increasing grain size. If used

beyond the limits of its intended range, this could be construed to im-

ply that single crystals would have virtually no strength of their own.

One way of circumventing this is tc replace Eq. 3 with the strength

relationship proposed by Petch 6 , in the form

= + k d "' (6)

where r is the Peierls-Nabarro friction stress causing dislocation

locking. The complete strength relationship would then become

"= (6 ) e- bp (7)
p o
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To investigite the adequacy of these predictions, a careful review

was made of the strength versus grain size and density relationship for

the materials used on this program. At the time of this writing, such

information was available only for Lucalox, derived as part of the work

performed on Task 9 of this program, using rods 0. 070 in. in diameter
with a carefully controlled grain size under 4-point bending. This is
presented in Fig. 1.

A careful analysis of these data was made by Knudsen ( 7 ) who found

that the results presented in Fig. I could be well represented by Eq. 4,
with numerical values of k m 150, 000, a s 0. 35 and b m 4 for the con-

starts appearing in that relationship. In developing these values, a ref-

erence line was established for the strength versus, grain size relation-
ship of Eq. 2, by drawing a straight line through the least porous (high-

est grain se; -porosity about 0.1 %) specimens shown in Fig. I. This

construction' is presented in Fig. 3.

zoo - I I I

r-perimenal points obtained by Chares-, Took 9,
Line drawn thro,gh point* corrooponding to ismilorm
0, percent poroeily,

-- -- - -.-

4? I0 TO oozo
0 rain Size,,^

Fig. 3 MODIFIED STRENGTH VS. GRAIN SIZE RELATIONSHIP
FOR LUCALOX AT CONSTANT POROSITY(?)
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The fit of the resulting equation of

S150,000o d 03  e4p ()

to the experimental data is shown in Table. Y. As can be seen,

the agreement is rather good, the average absolute difference be-

tween predicted and observed results being 2. 6%

Table V

FIT OF KNUDSEN EQUATION TO DATA ON LUCALOX( 7 )

Observed Strength Calc. trentho Percent Deviation

(10. psi) Eq. 8, (10" psi)

68.0 68.58 40.9
70.0 69. 06 -1.3
65.0 69.43 -0, 9
63.0 64.63 +2.6

62. 0 39.62 -3.9
47.0 47.09 +01 z

46.0 41.94 -8.8
41.0 40.05 -2.3

27.0 26.37 -2.3

Average of Absolute Deviations: 2. 6%

Percent Deviation x 6ac." obe 100
%bs

A similar study was carried out to examine the adequacy of the

proposed Eq. 7. In order to do this, the data of Fig. I were first
replotted in a Petch-type form, shown in Fig. 4. Next, a graph was
prepared, with p on the abscissa and log (cr /o) on the ordinate as

p
shown in Fig. 5, where values of e were derived from the previous
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Fig. 4 PETCH-TYPE RELATIONSHIP FOR DEPENDENCE OF
STRENGTH ON GR~AIN SIZE IN LUCALOX

Fig. 5 DEPENDENCE OF STRENGTH ON POROSITY IN LUCALOX
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figure. The resulting numerical values were o  9, 000 psi, k 6, 820
and b = 9. 82 with relation to Eq. 7, which then becomes

d' % (9,000 +6,d20 d' 1/ 2 ) 9 . 8 2p 9

The fit of calculated and experimental data resulting from this re-

lationship is presented in Table VI; as can be seen, the agreement is
satisfactory, although the average of absolute deviations is somewhat

higher at 3.9%.

Table VI

CALCULATED STRENGTH OF LUCALOX AS FUNCTION OF GRAIN SIZE
AND POROSITY, BASED ON EQ. 9

Observed Calculated p = Deviation 100
Grain Strength (Pbolut) Strength calculated
Size, d c- ( t at 0 strength p " xp
(mm) d exp Porosity for porous exl

(kr) , (k@i) mate rial

ikS) (percent)
.0062 67.0 0.036 95.6 67.0 0.0

.0064 69.0 0.032 94.2 68.8 -0.3

.0077 65.0 0.034 79.8 57.3 -10.6

.0094 62.0 0.014 79.3 69.2 +11.6

.012 -61.0 0.009 71.1 65.1 +6.8

.022 51.0 0.004* 54.9 52.8 +3.5

.026 47.0 0.009 51.2 46.9 -0.2

.037 47.0 0 44.4 44.4 -5.5

.042 42.0 0.00J 42.2 41.8 -0.5

.140 27.0 0.001 27.2 27.0 01,0

Average of absolute deviation: 3.9%

Estimated value

One limitation in making effective comparisons at this time is that

Lucalox is an extremely dense m-te- '..I, whose porosity variation is too

narrow to permit a detailed investigation of this problem; all that can be
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said with data available at present is that both Eq. 4 and 7 apparently
are quite satisfactory in predicting the strength of ceramics having

different grain sizes and varying levels of porosity. A more detailed
investigation of this entire problem area is planned during the contin-

uation phase of this research, at which time ceramic substances with

a far wider variation of porosities will be drawn under scrutiny.

3. MAGNESIUM OXIDE

A. Single Crystals

This material is being procured from two sources. One source

is the Norton Company, Worcester, Massachusetts, whose single

crystal MgO is obtained as a by-product of their "Masnorite" opera-

tions. Upon completion of the thermal fusion process for Magnorite,

the contents of the retort are dumped out and crushed with sledge-
hammers. The yield of crystals, as much as 1000 lb, is therefore

broken up into pieces ranging up to about 3 in. in size.

The resulting single crystals of MgO vary in shape, sise and

color, and level of contaminants. Their colnr may range from totally

colorless to a faint brown, yellow or green tint indicating increased

levels of impurities. Also, the pieces may vary from completely trans-
parent to barely transluc~aut. Some crystals contain white "clouds",

thought to be the result of incipient fissuring induced by thermal
stresses accompanying cooling.

The maximum total impurities present in the Norton material

may range up to 1. 0%. Their composition varies widely. A spectro-
chemical analysis of three samples, excerpted from Task 5, is re-
produced in Table VII.

The second source of MgO single crystals is Semi-Elements, Inc.,

Saxonburg, Pennsylvania. Their manufacturing methods are aimed at
the direct production of crystals grown from a pure MgO starting
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Table VI

QUANTITATIVE SPECTROCHEMICAL ANALYSIS OF

SINGLE CRYSTAL MzO SPECIMENS*

Material Source - -Impurity, (ppm) Max. total

,. -o- - Impurity
(percent)

Ranfe ZOO. 600- 60- 2 600 30- 5-
0or 100 1500 100 40 10

Norton Co. u]. - - - 0.6
Aver. 600 900 73 2I 600 37 7

Semi-Elements, 200 200 80 2 400 30 5 0.3
Inc. I I I

'*by Chicago Spectro-Service Laboratory, Inc.

powder; the crystals are supplied with a cleaved, chemically-polished

or ground finish up to 1-1/2 in. sizes. The composition varies, but the

impurity levels are generally lower than those found in the Norton ma-

terial. This is also shown in Table VII, where the values shown are

based upon the analysis of a single specimen. The chemical analysis
supplied by Semi-Elements for their material is given as: SiS 2 - 0. 05%;
Fe 2 O3 - 0. 03 %; PbO - 0. 001 %; Al2 0 3 - 0. 015%; CuO - 0. 0005%;

NiO - 0.001%; GaO - 0. 15%; MnO - 0.01%; NazO - 0.005%; X2O -

0. 001%; balance MgO; total impurities: less than 0. 3%. These re-
sults compare reasonably well with those listed in Table VI.

B. Hih Density Sintered MIO

Whenever possible, the materials used were purchased from

commercial suppliers. These companies were required to produce
the specimens from one batch of material and with one kiln firing

after the specimens had been randomly spaced in the kiln. No com-

mercial source was found who could produce the MgO specimens
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required within the time and funding allotted to this task. The

Foundation personnel developed a process by which high-density
multicrystalline MgO was produced easily and rapidly. While

several systems have been tried and reported, the technique pre-

sented below was found to be best for mass producing the required

samples.

The process condists of preparing a solution by dissolving 1. S

wt. percent of Acryloid B-72 resin (i00% solids, Rohm & Haas Co.,
Philadelphia Pa. ) and 3 wt. percent stearic acid in carbon tetrachlo-

ride and mixing in an equal weight of Mallinckrodt AR Grade magne-

sium, oxide powder to form a slurry. This slurry is then mixed and

kneaded while the carbon tetrachloride evaporates until little solvent
remains. The solid mass is then ground to pass a 30-mesh screen.

The resulting powder is pressed from both sides in a die at 9000 psi
for one minute to form the required specimen shape. The green body
is then removed and placed in a drying oven at 100 0 C to drive off the
last traces of carbon tetrachloride and to harden the specimen. After

drying the specimens are kept in a desiccator until firing.

The specimens are stacked six high on dense alumina bricks
covered with carefully leveled fine aluwtina grain. A light dusting

of MgO between each specimen provides a parting surface for easy
separation. The bricks and specimens are placed in an alumina sag-

ger and fired in a Remmey air/gas laboratory kiln. Depending on
sims, 75 to 90 specimens are fired from room temperature to 1700 0 C
in Z0 hours, held at temperature for 3 hours, and then slowly cooled

in the furnace. Two firings can be made in a 40-hour time period.

The Mallinckrodt MsO powder has a bulk density of 0.1-0. 2;
after mixing with the carbon tetrachloride solution, the resulting
powder has a bulk density of 0. $-1. 0. Density of the green speci-

men is 1 7-1.9. or approximately a 2:1 compaction ratio which is the
result of addition of Acryloid resin to the b(gO powder. The resin

greatly improves strength and hydration resistance of the green speci-

men.
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The fired MgO specimens have a bulk density ranging between

3. 39 and 3.42,. or approximately 95 percent of theoretical (3. 58).

They are white and partially translucent, although not to the same

degree as Lucalox. A spectrographic analysis of this material is

given in Table VIII. A grain size determination using the Smith-

Guttman 9 ) technique indcfated a range from 10 to 100,u with the

average siue at about 25p/. , The grains are highly spherical with

a few small scattered pores being visible.

Table VIII

SEMI-QUANTITATIVE ANALYSIS OF COLD-PRESSED
AND SINTERED MzO*

Element Amount Present,(percent)

Mg Principal Constituent
Al 0.05
Si 0.03
Ca 0.04
Fe 0.005
Cr 0. 0003
Cu 0. 0002

Chicago Spectro-Service Laboratory, Inc.

To date, this material was used exclusively for the experiments

conducted on Task I of this program. However, facilities have been
established at sufficient production rates to satisfy, the needs of all

other Tasks, and the incorporation of this material into experiments
of other Task programs is planned in the future.

C. Hot-Pressed (Ultra-High Density) Polycrystalline MIO

High density polycrystalline MgO specimens for the program

have been manufactured at ARF using the hbt pressing techniques.
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The MOO used was Fisher's U$P light powder (Cat. No. M49) to

which 0;. 5 percent LiF was added to aid the sintering process and

thereby produce material of high density. It was not thought that

the LiF addition would significantly influence the trend of the exper-

imental data; the presence of porosity would be far more undesirable.

Some 120 specimens have been produced with densities within the

range 3. 56 - 3. 57 g/cc, i. e., 99.4 m 99.7 percent of theoretical:

In the hot-pressed condition, the material was relatively fine grained.

The manufacturing procedure, based on the initial work of Tinkle-

paugh(s), is briefly outlined below.

(1) Magnuisum oxide powder together with 5 wt percent LIF was

ball milled in batches of 250 in one-gallon jars for 72 hours. Rub-

ber stoppers were used as balls. In addition to thoroughly mixing

the MgO and LiF, this operation reduced the volume of the light,

fluffy as-received powder. It should be noted that the LIF was pre-

mixed with about 37 g MO0 and panned through a NBS No. 35 sieve

several times to blernd the powders before adding to the bulk of the

MgO. This stage helped considerably in producing a homogeneous

mixture of the two powders on, subsequent milling.

(2) Hot-pressing was carried out in a 12 in. high x 4 in. diam.

graphite mold containing a 1/2 in. diam. center hole into which the

blended MO powder was charged. A 1/4 in. hole drilled from the

top to a depth of 6 in. and parallel to the die cavity was used for

the optical temperature measurements.

(3) The mold was filled by pouring in 14 g of powder (enough

to make one cylinder about I in. tall x 1/2 in. diam. ) lightly cold

pressed to allow the top punch to move into the mold, and trans-

posed to the hot pressing apparatus. Both top and bottom punches

were made of grade 580 graphitized carbon.
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(4) The mold was heated by a 30-kw Ajax induction unit, the

temperature being brought up to 1600-17000F before any measur-

able load was applied. At this temperature the pressure was
gradually increased, reaching a maximum of about 3000 psi at

2 0 0 0 0F, The temperature was then raised to 2350 0 F, and held

there for 20 min; subsequently the pressure was released and the
mold unit removed from the apparatus.

(5) The mold was then quickly immersed in vermiculite and
allowed to cool slowly to room temperature before ejecting the

MgO compact.

(6) On removal from the mold, the MgO specimens are en-

crusted with carbon picked up from the graphite die during hot-
pressing. Decarburiuation was effected by heating the specimens

to 1200 0 C for 168 hours in air, which removed the carbon by oxida-
tion. Thus, high density, single phase, polycrystalline MgO was
produced, a typical microstructure is shown in Fig. 6. In the
pressed condition, the rain size was about 2 73. , as determined

by the Smith-Guttman ( 9 ) technique. A microscopical examination

of a number of longitudinal sections showed the pressings to be
homogeneous in both grain size and distribution of microporosity.

Furthermore, there was no evidence of laminations in the structure.

Prior to testing the specimens were centerless ground and the
end faces ground square to the cylindrical axis. In all grinding
operations water coolant was used to avoid thermal cracking.

Production of hot-pressed MgO specimens was limited to

cylindrical bodies, used to date exclusively for purposes of exper-

iments conducted on Task 4 of this research program.
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III. FINAL REPORTS ON IN-HOUSE TASK PROGRAMS

TASK I - EFFECT OF STRUCTURAL SIZE;

THE 'ZERO STRENGTH'

Principal Investigator: S. A. Bortz
Armour Research Foundation

ABSTRACT

A detailed program was undertaken to determine the applicabil-
ity of statistical fracture theories to inorganic ceramic material, and
to define the major parameters affecting fracture strength. Specimen
shapes were developed, adaptable to a broad range of loading conditions
and volumetric variations.

A rather complete experimental problem was carried out on
Wesgo AL995, investigating the effect of five variables: prior thermal
history, specimen finish, test temperatures, environment, and speci-
men size. Of these parameters, specimen size, testing temperature,
surface treatment and thermal history were found to have a primary
influence on fracture strength. Environmental effects (moisture con-
tent) were found to be significant only for ground specimens tested at
.00 C; at 10000 C all environ-ental influences became negligible,

Fracture in Wesgo AL995 at room temperature is governed
purely by surface induced failure mechanisms. Both Weibull constants,
the "flaw density parameter", m, and the "zero strength", el , are
highly sensitive to surface treatment and thermal history. Soecifically,
grinding increases the value of m but leaves a' unaltered; annealing
increases m while also dropping the value of a to zero. Both condi-
tions act to weaken the material. This weakening effect is particularly
pronounced in the case of annealed specimens; this is thought to be as-
cribable to the destruction of a beneficial residual stress distribution
originally existing in the material due to the subsequent annealing treat-
ment.

Similar trends are indicated for Lucalox and MgO, but data in
hand at present are insufficient to permit firm conclusions to be drawn.
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TASK 1 - EFFECT OF STRUCTURAL SIZE; THE "ZERO STRENGTH"{

1. INTRODUCTION

The statistical nature of fracture In brittle materials is a compara-

tively well established r fact; both theories and experimental studies have

shown that conventional concepts of elastic theories do not suffice to ex-

plain the behavior of brittle materials, unless the underlying aspects of

the random variability of their strength is fully taken into account.

Theories dealing with the statistical distribution of the strength of

brittle substances are generally based on the concept of the "weakest-

link" as the source of fracture initiation, as reviewed in greater detail

in the repott prepared for Task 3 of this program. These theories, in

their simplest form, entail two material parameters, the stress level

that the material can withstand with an absolute assurance of freedom

from failure (%, the "zero strength"), and a constant descriptive of

the flaw density and severity existing in the material (m, the "flaw

density constant"). Apart from requiring a knowledge of these two ma-

terial parameters, the theories are at a satisfactory state of develop-

ment to handle problems associated with the size of the structural object,

its geometrical ihape and the stress distribution existing in the body.

The general, aspects of such theoretical investigations have been

confirmed by experiment. Thus, it has been shown that brittle mater-

ials display a random statistical variation of strength, adequately

described in most cases by the comparatively simpler concepts of the-

oretical formulations. However, the brittle materials used in these

studies were generally those inexpensively procured and easily fabri-
cated; thus, plaster of paris, concrete, hydrostone, and glass were

the general objects of previous experimental work. Inorganic cera-

mics, because of their cost and fabrication problems, were seldom

employed.
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Furthermore, little attention was paid to the true nature of the

material "constants" descriptive of statistical theories. While one

investigation on graphite did show that the value of m varies with

temperature, seldom was any attempt made to explore this subject

fully, or to investigate the effect of other parameters, such as en-

vironmental conditions, thermal history or surface treatment, upon

the resulting variations in material "constants" entering the formula-

tion of statistical strength theories.

In view of these considerations, the purpose of this research had
two main objectives. First, to investigate tho applicability of sta-

tistical theories of fract-ire to the ceramic oxides selected as general

materials to be used throughout this program and to derive values of

the statistical material parameters, as well as to confirm the effect

of specimen site in these materials. The second objective consisted

of determining the constancy or variability of basic material descrip-

tors entering statistical formulations, and to examine the specific

effects that temperature, atmospheric environment, surface finish,

and heat treatment may have upon the values of d" and m for these
u

substances.

2. SPECIMEN DESIGN

To investigate the fracture !.. uprties of the materials, studies

were conducted using both tension and bending test specimens. Initial

experiments were performed in cooperation with the personnel of

Task 3, utilizing photoelastic methods to observe whether contem-

plated configurations produced critical stress concentrations which

would cause fractures to occur in areas other than the desired gage

section. These experiments were performed using Columbia resin

CR-39, a very brittle plastic excellently suited to photoelastic studies.

A. Flexural Specimens

To study size effects the specimens would require a controlled

gage section to be loaded in pure bending. This requirerment could
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best be met using a 4,point loading system. However, Frocht~1 1 l

points out the difficulty of producing a stress pattern of pure bending

of known bending moment. One of the major problems is the loading

conditions themselves.

If the external loads are applied to the extreme fibers, friction

forces are developed which tend to reduce the applied bending mo-

rM~ent and shift the position of the neutral axis. On the compression

side of a beam (Fig. I-1) there are two factors which tend to shorten

the distance AB on the beam; the compressive strain and the deflec-

tion. Thus, loads applied at A and B tend to move toward the end of

the beam, generating friction forces FI which act as shown in Fig.

I-1. Strains developed on the tension side tend to increase the

length of CD, while the deflection tends to shorten the horizontal dis-

tance between CD. Experiments, as indicated in Fig. 1-2 and 1-3,

show that the effect of these friction forces is ,o reduce the applied

moment. Accordingly, the forces F2 act opposite to F1 . Each

friction force thereby generates an axial force and a couple opposite

in sign to that of the applied bending moment.

P P

F I  F 1

A Bvd
C

pP

Load Points: A, B
Support Points: C, D

Fig. I-I EFFECT OF FRICTION FORCES ON PURE BENDING
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Fig. 1-2 4-POINT BENDING WITH FDCED
LOAD POINTS AND SUPPORTS

Frig. 1-3 4-POINT BENDING TEST, LOAD
POINTS AND SUPPORTS MOUNTED
ON ROLLERS
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I , is the coefficient of friction at all points of load contact,

the friction forces in Fig. 1-1 are

Fl 1 4 , P  and FI - "4 P  (1-1)

The stresses in the gage section resulting from the forces acting as

shown in Fig. 1-1 are

M PA - (Fz h/Z + F, h/2) (1-3)

where M is the internal moment and S is the section modulus of

the cross section. The total stress over the central part of the beam,

therefore, becomes

F 6 [Pa (F h/Z + F h/Z (1-4)
bd bd - F I

For the same friction coefficients at all contact points, Eq, 1-4 re-

duces to

Of 11 ± =. ,-,h ls
£ bd

To determine the magnitude of error entailed in using load points

that allow for the development of frictional forces, the Eq. 1-5 must

be compared with the equation for stress neglecting friction.

6 Pa (1-6)

so that

(1-7)
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Table 1-I gives the results of a friction study made, using graphite

specimens.

Table 1-I

FRICTION FORCES IN BEND TESTS ON GRAPHITE

Loading Fracture Load (lb) Average Load

1 2 3 (lb)

Fixed load
points and 47. 5 51 42. 5 47
supports

Movable load
points and 53 62 47.5 54.2
supports

The coefficient of friction between the load jig and specimen was

determined as 0. 4. The specimens were 1/8 in, thick, and the

length as shown in Fig. 1 -1 was 0. 4375 in. Since the fracture

load is proportional to fracture stress for specimens of the same

dimensions, there results

f (a -, h)• 0.885 (1-8)

The experimental results presented in Table 1-1 yield

Pf 47-IS * * 0.87 (1-9)

in good agreement with theory.

The results of these experiments led to the use of circular holes

on the neutral axis of the beam. with loads applied through pins pas

sing through these holes. This procedure eliminated the possibility
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of errors being introduced whon the fracture strengths of different

depth beams were compared for isie effects.

Furnace requirements limited specimen lengths to 4 in. for the

bending tests. To keep down fabrication costs, the basic bending

specimen shape was also to be used for the tensile specimens; a

minimum transitiqn radius of 2 in. was chosen for this purpose.

To ensure uniformity of denseness and reduce body flaws during

pressing and sintering a flat coupon type body was decided upon.

Several shapes were subjected to detailed experimentation; the

flnal shape selected was a "dogbone" configuration which met the

requirements of this study. Figure 1-4 presents a view of a photo-

elastic pattern made during the dogbone investigation. The fringe

pattern indicates that pure bending occurs in the gage section, and

shows that stress concentrations around the pin holes are not large

enough to cause premature failure at these points.

The various dogbone shapes adapted for this program are

shown in Fig. 1-5. The volume ratios are 1:4: 8.35 from the smal-

lest to the largest gage section.

B. Tension Specimens

Studies were undertaken to determine an effective technique

for axial tension loading of the basic' dogbone design used as a
flexure specimen. Experiments with a pin connection were unsuc-

cessful, although modifications were made in accordance with pho-
toelastic data obtained by Frocht( I -2 ) , as shown in Fig. 1-6. These

failures were due to the limitation on the sample sizes.

Studies were made using end grips instead of pins through the

samples. Although swivel attachments were used in the pull-headp,

photoelastic experiments indicated that bending was occurring in the

gage section. Further Investigation with end grips of various shapes
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Fig. 1-4 PHOTOMLASTIC PATTERN SHOWING UNIFORM
BENDING IN THEK DOGBONE SPECIMEN
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SEC. A-A

A 3 /16"1 Do 4 Holes,Sedn
R 211RSpecimensi Only. Omit on

Tensile Specimens.

311 -ftSEC. A-A

lot 3 /16" D, 4 Holes, Sending
R z l/2"R A specimens only. Omit on

Tensile Specimens.

M110.SEC. A-A

3/16"1 D, 4 Holes, Sending2 ,0 ia IR A specimens only. Omit on
I Tensile Specimens

Fig. 1-5 DETAILS OF MULTICRYSTALLINE DOOBONE SPECIMENS
FOR TENSION AND BENDING
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rig. 1-6 PHOTOELASTIC FATTERI4
IN PINNED TENSION SPECIMENS
SHOWING SMALL ECCENTRICITY

Or LOADING

- 46 -



led to the adoption of an open snug fitting grip with a double clevis

pin connection, shown in Fig. 1-7. Photoelastic patterns, presen-

ted in Fig. 1-6, exhibited uniform axial loading for this arrangse-

ment. Subsequent experiments using SR-4 strain gages displayed

some bending component in the ceramic specimens. However, with

careful alignment of the specimen in the grips and the use of crush-

able shims, tliae bending strain shown by the gages could be kept

below 10% of 0,he total sttain at failure.

3. EQUIPMENT

A two-bay 30, 000-lb hydraulic universal tasting machine,

equipped with a hydraulic ram, load cell with scales and small

proving rings which allow accurate reading from 0. 5-30, 000 lbs,

was used in the experiments. Recorders can be attached which

will plot stress-strain automatically. The ram and load cell are

mounted so that furnaces can be set up in both bays and the load-

ing mechanism can be easily moved from one side to the other.

This reduces the lag time for sample placement, time to reach

test temperature and actual loading. Load can be preset and held
indefinitely or cycled from tension to compression. Ram rate

varies from 0 to 3 in. /mn at maximum. Figure 1-9 presents a

view of this equipment, 3howing the control panel with the load
recorder in operation.

An induction heating furnace has been designed and built for

operation in the range of 1750°C which in the upper limit of the con-

templated high temperature tests using this loading machine. Induc-

tion heating was chosen because of the rapidity of reaching operating

temperature and the wide range of temperatures which can be attained.

A schematic drawing of this furnace is shown in Fig. 1-10. The upper

temperature is limited by the formation of carbide@ between the carbon

susceptor and the oxide tube, which becomes very rapid above 1800 0 C.
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Fig. 1-7 TENSION OR3PS AND SR-4 INSTRUMENTED

SAMPLE
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rig. I -8 AXIAL LOADING OF SPECIMEN

USING SNUG GRIP AND PIN

CONNECTION
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Fig. 1-9 TWO-BAY 30,000 lb UNIVERSAL TESTING MACHINE
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The susceptor is isolated from the test chamber by an alumina tube.

This allows the susceptor to be protected by passing an inert gas

around it, while maintaining an oxidizing atmosphere in the test

chamber. A 10-kc power input, low-frequency generator was utilized

for this furnace. The use of low-frequency power makes for good

impedance matching and good coupling between coil and susceptor,

and also allows the use of the best thermal insulation while minimis-

in power loss from electrical radiation.

To expedite experimental work on this program,. an intermediate

temperature (1000 0 C) furnace was also fabricated. The, same fur-

nace design as shown in Fig. 1-10 was used. The musceptor was re-

placed by a resistance heating element of Kanthal wire.

Both furnaces are suitable for use in air, reducing atmospheres,

inert atmospheres, and vacuum, if diaphragms are used to seal the

loading ports.

The flexural testing Jig is shown in Fig. I -11. This fixture is

fabricated of Inconel for room temperature and 1000 0 C studies; for

higher temperatures, Al 2 0 3 is used. A set of typical bending frac-

tures obtained with different trials in shown in Fig. 1-Z.

UPPER JAW,
' INCONEL

. , PINS

LOWER JAW,

Fig. 1-I1 FLEXURE TEST FIXTURE
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4. THEORETICAL CONSIDERATIONS

A. Flaw Constants

The Weibull theory(13 ' 1-4) is based on the concept that brittle
materials contain a large number of flaws, which greatly lowers the

fracture stress of a material from its theoretical rupture stress.

These flaws are assumed to be of random site and distribution through-

out the body, and are assumed to be the cause of the scatter observed

in the failure of a ceramic material. It is further assumed that when
the stress at the worst flaw contained in the specimen becomes large

enough to propagate it into a running crack, the entire body fails
(weakest-link theory of failure).

In developing his theory, Weibull assumed a normal distribution

function relating the probability of fracture, S, to the actual stress

observed at fracture, C, in the form

I - exp [Y (./ r)m] (1-10)

In this function, 60 and m are constants of the material, with

r being the classical strength.of a "flawless" specimen and m being
representative of the flaw density in the body; V is the volume of the

component subjected to tensile stresses. Weibull only considers ten-

sile stresses as contributing to the fracture of a brittle component.
As the number of flaws per unit volume increases, so does the pro-

bability that there will be a flaw of maximum severity which will
cause fracture at a given stress; at the same time, with an increased

number of flaws (i) the distribution curve becomes narrower and the

fracture scatter becomes smaller.

The relationship embodied in Eq. 1-10 requires a zero value of
fracture stress, f,"for the probability of fracture, S, also to reach

zero. This, in turn, implies the extreme statement that absolute
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safety from fracture can be achieved only in the total absence of

applied (or internal) loads, which is in obvious contradiction with

observed behavior. To correct this overstatement Of his theory,

Weibull'proposed subsequently a semi-empirical distribution func-

tion of the form

s = I - exp v ( ' ) (1-11)

where the new symbol, a' , is the lower limit stress (below whichu
fracture cannot occur), while all other symbols retain their previous

meaning. Since the probability of fracture corresponding to an ap-

plied stress of au is S = 0, (u is frequently referred to as theu
"zero fracture probability stress" or, briefly, the "zero strength".

If one rewrites Eq. 1-11 in the form, using BriggsI logarithms,

log log.I--.L- M log (o- O.) - m log CO + log V + log log e (1-12)
1-s

the plot of the distribution function will be linear in a system whereI
log log " is the ordinate and log (o' - 0"u) is the abscissa. The

slope of the distribution function will determine m, and the inter-

cept on the abscissa will yield o . This method assume s that the

constant 0. is known, which is usually not the case.

The discussion to this point has been concerned with the functions

for the uniaxial state of stress. The equations change somewhat for a

bending specimen. Starting with the expression for probability of

fracture
S X I -e-

the "risk of rupture", B, for a beam of rectangular cross section

(b x 2h) subjected to pure bending over a length ,I /s
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h

B f-()dV dy

V

(mm+11
S(1%l-14)

where V = volume of beam under pure bending, (" bending stress

at the extreme fiber, and h u = % h/6.

The semi-empirical distribution for bending specimens is of the

form
1

log log T" 1- log B + log log e

(1-15)
logB a (m+l) log ((-6') - log6+ log

Z(m+l) ion

where N = total number of specimens, and logarithms are Briggi'.

The probability of fracture, S, corresponding to a particular

stress leyt1, % , can be calculated from the expression

n (1-16)

where N is the total number of samples tested in the series, and n

is the specimen serial number listing the fracture stresses in an in-

creasing order from 1 to N, with % being the nth fracture stress.
By Eq. 1-16 therefore

log log I log log N+1 (1-17)

and Eq. 1-15 takes the form
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N+l _l(a-a V
log logog (- du) - log cr log 2(m+l) %om

Several methods are now available for determining the con-

stants of the distribution function, the most common (and also most

practical) being an iterative graphical method based on Eq. 1-12.

By this approach, first a test plot is made assuming 6- = 0. If the

plot follows a straight line (r is indeed equal to 0; if the test plot

is a curved line, a trial value is taken for a- m 0. If the curve re-u
verses itself, the trial value of or is too high and a new value is

chosen. This process may be iteratively continued until a reason-

ably straight line plot is nbtained.

To obtain the values of m, u and a- graphicaUy for bending,

a plot is prepared for

log log N + log or versus log (d"- c'u)

The value of d' is determined by trial and error; the correct value
u

is again the one that results in a straight line plot. For the correct

value of 6 , m + I will define the slope of the straight line, and

0o is determined from the intercept of this line on the vertical axis.

For the special case where df = 0

loolog l a m log i+ log (1-18)
W -n Z(M+l) VO 1

Z~~~m+l

and the constants are obtained by plotting log log g.=n versus

log af as in the case for tensile specimens.

B. Size Effects

After determining the material constant, m, the theoretical

effect of volume on the flexural specimens can be calculated and
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compared to the test data. For the special case where u 0,

Weibull's expression for the mean fracture strength, eb , 'a

Jr/ j dS (C-19)=b

0
where a" in the state of stress in a body and S is the probability of

fracture occurring at that stress. If the distribution of stresses in
the body is arbitrary, the risk of fracture is

B = 'F (ao) dY (I-zo)

where the function n (a) is the material function.

The probability of rupture is

S 04-e (1-21)

The expression for fracture strength of a body under a non-uniform

stress is
ob B d" d'"(-Z

0

The material function n (C") can also take the form

n(o) a KOm

where K is a constant and m is the material flaw constant. Weibuil

further shows that the risk of fracture of a point in a body subjected to

a polydimensional stress is of the form-

B= z 2K JosZrn+I 6(d"x cos 2+ ysin 0)' dod
x y

0 (1-23)
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where P and Y_ are the angles the normal stress makes with the

principal stresses.

In a rectangular beam of width b and height 2h subjected to

a pure bending stress, the stress increases as a linear function of

the distance from the neutral axis according to the relation

a' = % y/h. The risk of rupture EL for the length ,e is

S Vb
'b b m (1-24)

CombiniAg these concepts with Eq. 1-21 the following fracture for-

mula is obtained for the bending strength of a rectangular cross sec-

tion

I

m T
"b - iK..b 1 /m (1-25)

where 'rb is the fracture strength in bending, K a constant, V b

the volume of the gage section, m the material flaw constant, and

I a constant depending on the value of m. From Eq. 1-24 it can

be seen that the strengths of the flexural samples are a function of

the volume of the samples.

This principal can be used to compare the ratio of fracture strength

of the different sised samples since, by Eq. 1-25

U6bl i l/n126

b 2 Lbl ]

where 'bl and eb2 are the mean strengths of two groups of samples

having volumes of Vbl and Vb2 and m, is the material flaw con-

stant.

- 59 -



If the value of the material function m is known, along with the

equations for the risk of .-apture for a particular stress state, and

i" a 0, the Weibull theory can also be used for predicting the strengthuS
in one stress state from the known strength value corresponding to an-

other stress system. Equation 1-24 provides the relation for the risk

of rupture in bending of a rectangular beam and solving Eq. 1-20 for

the case of pure tension, the equation for the risk of rupture pertaining

to the latter system becomes

t mBt z vto (1-27)

At identical fracture probabilities in bending and tension (B' = Bt),

the ratio of the ultimate strength in bending to that of tension, using

Eq. 1-20 and Eq. 1-27, is given by

'rb FZm +2) V /r
t L b

5. EXPERIMENTAL WORK AND DISCUSSION

A. Test Conditions and Data

The following factors have been investigated for possible effects

on the fracture strength of the ceramic materials:

(a) Prior Thermal History
(1) As received
(2) Annealed at 1700 0 C

(b) Specimen Finish
(1) As fired
(2) Fine ground surface
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(c) Test Temperature
(1) 20oC (room temperature,)
(2) 10006C

(d) Atmosphere
(1) Room air
(2) Saturated air or steam
(3) Dry argon

(e) Specimen Size (Dogbone shape)

(1) Small (1/8 x 3/16 x 1/2-ir. gage section)
gage volume x 0.0117 in.

(2) Medium (1/4 x 1/4 x 3/4-in. gage section)
Sage volume = 0. 0461 in. 3

(3) Large (5/16 x 5/16 x 1-in. gage section)
gage volume u 0. 0977 in. 3

Initially, five specimens were to be tested for all combinations
of factors in each category. However, as data were collected this

number was found to be too smaU to define accurately the Weibull

material parameters. The room temperature data for the Wosgo
AL995 is listed in Table 1-11. The intermediate volume specimens

were used for the analysis of the Weibull parameter to determine

flaw constants and mine effects.

A statistical approach was used to analyse and group the data.

An analysis of variance was made for the effect of atmosphere for

the medium volume specimens at room temperature; this showed

that for the as-received material environmental atmosphere had no

significant effect at room temperature range investigated; however,
for specimens with a ground surface environment turned out to be a

significant factor. A test for sise effects indicated that volume dif-

ferences had a significant effect on breaking strength at the 99 per-

cenl level. It should be noted that statisticians usually take the

95 percent level of significance as the criterion for dividing the

same mean population. The data analysed were either wel above

or below this dividing line.
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A study of the effect of surface treatment on the fracture strength

of the intermediate sie specimens revealed that annealing and surface

grinding influenced the observed results separately and in combination

The influence of surface treatment upon fracture strength, ranked in

the order of the most to the least significant effect, is as follows: (a)

unground annealed, (b) ground annealed. (c) unground unannealed,

and (d) ground unannealed.

A similar analysis was used to compare rupture data as functions

of atmosphere, specimen treatment, and sie at 1000 0 C. ise was

significant at the 99 percent confidence level while the other factors

were not. The values for each eie and temperature were combined

and analysed; both were important, the former at the 99 percent level

and the latter at the 99. 5 percent level.

A series of tests (Table 1-1Y) were made using Wesgo material

which was ground to one-half the thickness of the specimens listed

in Tables 1-11 and 1-Il. Specimens identified "as-received" in

Table I-IV were symmetrically ground on both side faces to one-half

of their original thickness; however, their bottom surface (the locus

of fracture origination), was left in the original 'condition. Specimens

identified "ground" had a thin layer removed on the top and bottom

surfaces as well, to yield the same reduced volume. The principal

pid'pose of this part of the work was to eliminate possible changes

ascribable from the study of sie effects. Because of time limita-

tions no effort was made to carry out a complete analysis of the re-

sults obtained; however, the data are presented here and the analysis

will be performed as part of a future program.

The data for both Lucalox and )MSO specimens are listed in

Table I-V. Time limitations confined the effort to the determina-

tion of the Weibull parameters for the intermediate volume speci-

mens at room temperature under ambient conditions.
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The results of annealing Lucalox show an interesting increase

in strength but the sample sise is not large enough to permit firm

conclusions to be drawn at this time. The results of room tempera-

ture as-received Wesgo AL995 tension tests are shown in Table 1-VI.

Table I-VI

20 0 C TENSION DATA: WESGO AL995 SPECIMENS

(Air Environmet

Gage Volume No. of Average Standard Coefficient

(in. 3) Tests Tensile Deviation, of Error,
Strength, (percent)(10._ psih) (10 3  psi)

0.012 5 24.4 3.7 15.2

0.047 5 27.0 3.6 13.3

0.098 5 19.1 2.7 14.2

B. Data Analysis and Discussion

Figures 1-13 to 1-16 present distribution plots of the intermedi-

ate size flexure specimens tested at room te UTIture for as received,

as received and annealed, ground, and ground and annealed conditions.

The as-received plot is normal in appearance while the others are

skewed toward the lower strengths and, in general, indicate a narrower

distribution range. The distribution curve for specimens of the same

size tested at 1000°C is shown in Fig. 1-17. This curve was obtained

by combining the data of unground specimens for the different atmos-

pheres and annealed samples. This combining of high temperature

data was admissible because previous statistical analysis indicated

that these variables had no effect on the fracture stress of specimens
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of the same size. This plot is displaced somewhat toward the

higher stresses,

The distribution curves for the intermediate size Lucalox

and MgO flexure specimens are shown in Fig. 1- 18 and 1- 19. While

a smooth. regular curve has been fitted to the Lucalox data, the

points appear to show a more complicated distribution. The plot

as shown'is skewed toward the higher strengths. The MgO appears

to havo a normal distribution curve. It may be mentioned that

skewed distribution curves are more typical of the materials under

investigation than the normal distribution.

The logarithmic distribution curves of fracture stresses are

shown in Fig. 1-20 to 1-23. These curves are plotted first on basis

of the assumption that u = 0, as explained by the definition of the

methodology in Section IA. As can be seen, the plots for the un-

annealed Wesgo material (both as-received and ground) shown in

Fig. 1-20 and 1-21 are concave downward, indicating that oru 0 0

for these conditions. Tfe annealed Wesgo AL995 specimens, both

unground and ground, on the other hand, result in straight lines,

as seen in Fig. 1-22 and 1-23. For these conditions, therefore,

o94 is truly equal to zero,

For the "as-received' Wesso AL995 tested at 1000 0 C, as well

as for the Lcalox and MSO tested at room temperature, once again

downward coneave plots result (Fig. 1-24, 1-25 and 1-26). Hence,

for these materials, a' again assumes a finite rather than a vanish-

ing value.

To determine the correct value of %- for cases where initial

plots based on the %- a 0 assumption yielded concave downward

curves, the iterative trial and error method described in Section IIIA

was employed. This was continued until a straight line resulted,

with the manner of plotting employing the coordinate values shown

before.

The replotted curves corresponding to Fig. 1-20, 1-21. 1-25

and 1-26 are presented in Fig. 1-27, 1-28, 1-29 and 1-30, respectively,
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for "as-received" and ground Wesgo AL995, Lucalox and MgO

tested at 1000°C (Fig. 1-24) which also showed a zero-strength

value different from zero, have not yet been fully analyzed as yet.

The cumulative results excerpted from theme graphs (Fig. 1-22

1-23, 1-27, 1-28, 1-29 and 1-30) are summarized in Table I-VfL.

Examination of this table, and the curves upon which it is based,

indicates that both of the Weibull constants are highly dependent

upon the surface condition and heat treatment of the material.

Specifically, it can be seen from values listed for the Wesgo mater-

ial in Table I-VII, that the Weibull "constants" are not constants at

all, but fluctuate highly With the thermal and mechanical history of

the specimen.

Both grinding and annealing change the values of the Weibull

constants. While annealing may affect both surface distributed

flaws or volumetrically dispersed sources of crack nucleation,

grinding can affect only the former. This proves that the fracture

of Wesgo specimens is, beyond any doubt, a surface induced phen-

omenon. This raises another complic'ation, notably that the frac-

ture probabilities and Weibull constants were all evaluated here on

premise of a volumetrically distributed flaw density, as indicated

by the derivation entailed in equations I-I to 1-9. Although this

mathematical treatment is far more rigorous than that commonly

employed in the literature, in the sense that no attempt was made

here to envoke the simplifying assumption* of % = 0, the fact is

that the entire analysis of data should have been based on a surface

distributed flaw density theory, rather than a volumetric one. Such

a derivation, unavailable in the literature, is now in progress, and

the data will be reexamined on basis of this theory, which will in all

likelihood entail changes in the values of the Welbull constants shown

here.

*The literature, it fact, contains no treatment of the fracture data by the

Weibull theory when tru 0 0. In this regard the derivations and method
of plotting presented here are original contributions.
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Beyond this remark, it is interesting to note that grinding

definitely weakens the material. This can be seen by the fact that

O~u remains unchanged while m increases for the ground specimens,

which indicates that the strength of the as-received specimen is

somewhat larger for any failure probability value other than zert)

(at S T 0, the strengths are equal at d ).

Annealing, however, induced significant reductions in strength,

as shown by the fact that m acquires even higher values while the

value of a" drops to zero. The former effect is anti(ipated in a
u

sense, since increasing m values indicate a greater uniformity of

flaw distribution. However, the "flaw healing effect" frequently

associated with annealing treatments is totally absent; the annealed

specimens are weaker at all fracture probability lev.els than their

unannealed counterparts. While no firm proof can be cited at this

time, it is hypothesized that this effect is attributable to the destruc-

tion of a beneficial residual stress distribution (compressed skin

layer existing in the "as-received" specimens) during annealing.

Somewhat similar results were obtained previously by Anthony

and Mistretta 4-5)who, working with ATJ graphite, found I'm" values

of 7, 5, 7. 3, 14. 5 and 7. 8 at temperatures of 700; 20000F, 25000F

and 2750 0 F, respectively, While they did not attempt to evaluate

the influence of surface flaw density distributions and volumetric

effects separately, their findings of a nearly two-fold variation of

in over the comparatively narrow temperature range of 2000-27500F

is remarkable, and parallels in a measureppime of the results re-

ported here. This either means that statistical flaw density para-

meters cannot be regarded as a true material constant or that some

new mechanism enters to affect the fracture probability at different

temperatures, rendering (in the referenced case) the distribution

of critical flaws far more uniform in graphite at the particular tem-

perature of 25000F.
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It should be noted that the 6a values for the Wesgo AL995
show the same zero strength, 10, 000 psi, regardless of surface

treatment. Future work in thifs area will be done to clarify the

significance of this finding.

Combining the 20 0 C Wesgo data into individual size groups,

and using the average value of m 11 (representative of the an-

nealed materials listed in Table l-VII) along with 60 = 0, predic-

tions were made for fracture strength. The average strength of

the intermediate volume specimen (27, 460 poi) was used as the

base and the strength of the small and large specimens were pre-

dicted. The predicted strength for the small volume specimens is

31, 000 psi, as compared with the actual average strength of 31, 400

psi. The predicted strength for the large specimens is 25, 700 psi

and the actual value is 25, 890 psi. As can be seen, predicted

values are in excellent agreement with experimental results.

Similarly satisfactory results were obtained in tests performed

at 10000C for the large specimens; here, 18, 900 psi was predicted

and 18, 700 psi obtained in actual experiments; the correlation,

however, is less favorable for the small specimens, a predicted

value of 23, 000 psi corresponding to 20, 100 psi obtained in actual

experiments.

6. CONCLUSIONS

The purpose of this Task of the overall program dealing with

fundamental studies of the fracture of brittle inorganic materials
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to develop as much understanding as possible regarding the statistical

nature of failure strengths of A1 2 0 3 and MgO, the two ceramic mater-

ials selected for use throughout the program.

To make specimens adaptable to a variety of loading conditions,
a detailed study was undertaken on the stress concentration effects,

frictional disturbances and failure modes of a number of possible con-

figurations. As a result of these studies, various dogbone-shaped

specimens were evolved as standard specimens, which were also
utilized in investigations conducted on companion Tanks.

A review of the Weibull theory of statistical failure was under-

taken, and formulations were established applicable to the conditions

of the experimental work carried out on the program.

Detailed experimental studies were conducted on one material,

a commercial grade high-density A 2 0 3 supplied by Wesgo, with the

principal purpose of determining the material constants (m, the flaw

density parameter; and (r , the zero strength) and the volume effects

entailed in the Welbull statistical theory. These parameters were de-

termined as influenced by the variation of five factors, including (a)

prior thermal history, (b) specimen finish, (c) test temperature,

(d) environmental atmosphere, and (e) specimen size. Preliminary

work has also been carried on Lucalox and multicrystalline MgO, and

initial results pertaining to these materials are also reported. Data

obtained were analyzed by statistical methods to determine the signi-

ficance of various effects investigated. The principal conclusions can

be summarized as follows:

(a) Environmental effects for Wesgo AL995 at room temper-
ature are significant only for specimens having a ground
surface; as-received specimens are not significant afiec-
ted by environmental conditions. At 1000 0 C, all environ-
mental effects tend to vanish, in confirmation of results
obtained by Charles on Task 9.
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(b) Specimen volume has a significant effect on fracture
strength at the 99 percent confidence level; however, the
size effect observed is not explained adequately by the
simple Weibull distribution function.

(c) Meaningful comparisons at this time can be made only for
the behavior of the Wesgo AL995 tested at room tempera-
ture. This shows that fracture in this ceramic is definitely
a surface induced phenomenon, indicating that all investiga-
tions based upon the volumetrically distributed Weibull flaw
criteria are in error, This probably covers virtually all
technical papers presented in the literature on this subject.

(d) The previous comment is based upon results obtained with
"as-received" and ground specimens. Grinding lowers the
strength of A12 03 for all fracture probabilities other than
zero, through an increase of the flaw density constant m.
This implies a greater density and uniformity of flaws at
the surface, which is a natural consequence of the grinding
operation. Grinding, however, leaves the value of the zero
strength unaffected at 10, 000 psi for Wesgo AL995. This
finding is not fully understood, and is thought to be coinci-
dental at this time.

(e) Annealing induces a drastic weakening of the Wesgo mater-
ial, accompanied by a drop in the value of o" to zero. Thus,
annealing cannot be said to have any benefici}l "flaw healing
effects" for the cane investigated. It is assumed that the
severe weakening effect of annealing is ascribable to the des-
truction of a beneficial residual stress distribution, whose
compressive skin-layer effect imparts added strength to the
unannealed specimens.

(f) Preliminary results indicate that similar conditions will be
found to be operative in Wesgo alumina tested at 1000 0 C;
however, data in hand at this time are too few to permit
firm conclusions.
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As general observationsj, iL may be noted that the primary

factors influencing the ,(racture of the Wesgo AL995 are the speci-

men size, testing temperature, surface treatment, and prior thermal

history of the material; secondary factors are represented by the

moisture content of the environment and the duration of exposure.

Preliminary results obtained with Lucalox and MgO appear to show

similar trends for these materials, but data available at this time

are insufficient to permit firm conclusions to be established. Such

data including information on Wesgo AL995 tested at 10000C, are ex-

pected to be gathered during the continuation phase of this Task of the

overall program.
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TASK 2 - EFFECT OF STRAIN RATE

Principal Investigator: H. R. Nelson
Amnur Research F'ounlatton

ABSTRACT

The goal of this task was to invesigate the effect of strain
rate upon the fracture strength of ceramic materials. Since direct
methods of recording high strain rates on the specimen proper were be-
yond the state of the art for the brittle materials used in this research,
extensive studies were undertaken to develop suitable fixtures, specimen
preparation techniques and recording methods.

Recording techniques were developed, suitable for strain
rates up to 1O sec-1 and the problem of specimen loading for bending
has been resolved. The manner of gripping the specimens in tension is
still under review. Special euipment was developed for low strain rates
in the 10 - 5 sec'I to 1O-1 sec' range and an intermediate rate device was
constructed for use up to 102 sec 1 ; equipment has also been designed to
conduct experiments at higher strain rates.
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TASK 2 - EFFECT OF STRAIN RATZ

I. INTRODUCTION

The project effort on the effect of strain rate on the fracture

strength of brittle materials had four objectives:

(a) Design and developmentof tensile and transverse bend test
ecuipment which would develop straiin rates of 10-5, 10- 3 ,
10 " , 101, and 10 3 sec "1 .

(b) Development of a measuring and recording system for the
determination of nominal stress-nominal strain behavior of
brittle materials strained at the above rates.

(c) Development of elevated temperature facilities which would
neither interfere with strain measurement nor place any
hindrances on the use of special test equipment developed.

(d) Determination of the tensile and bend behavior of polycrys-
talline A1 2 0 3 and M-gO, at the strain rates specified.

The problems encountered in achieving objectives (a), (b) and (c)

could be solved by relatively straightforward, though complex, means.

The problems encountered in meeting objective (d) proved far more diffi-

cult of solution. Collection of reliable, reproducible test data from

specimens known to have an ultimate tensile strain of less than 0. 1 per

cent demanded an accuracy of axial strain distribution that far exceeded

the present state-of-the-art. Therefore, activities in connection with

objective (d) became largely concerned with the prerequisite to its attain-

ment, - an improvement in the state-of-the-art of mechanical testing.

The following sections described the techniques used, and the progress

made, in attaining these objectives.

2. DEVELOPMENT OF EQUIPMENT TO PRODUCE DESIRED STRAIN
RATES

A. Low Strain Rate Machine

A standard Riehle universal testing machine, equipped with a Thy-

rat-on speed control, was used as the basic equipment for this part of the

program. This machine originally possessed two crosshead speed ranges,

0.2 - 2.0, and 1.0 - 10 in. /min respectively. Insertion of a transmission

train with interchangeable pulleys and a 400:1 gear reducer made it possible
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to achieve crosshead speds in the desired 10- 5 to 10-1 in. /sec range.

Care was taken to select g,,r and pulley ratios which would permit
attainment of a specific crosshead speed when the motor drive pulley

was rotating at no less than 10% of its rated rpm. This assured re-

producibility of Thyratron control action. The various pulley and gear

reducer combinations used for given speed ranges are shown in Table 2-1.

The ability of the machine crosshead screws to transmit a uniform

crosehead motion at the slowest speed, 4. 18 x i0-6 in. /sec was checked

on a 4-in, wide steel tensile bar. This calibration specimen showed a

uniform strain rate over a period of four minutes, twice the time of th,

longest planned test when using brittle specimens.

Table 2-1

PULLEY AND SPEED REDUCER COMBINATIONS

FOR GIVEN SPEED RANGES

Motor-Drive Pulley 400:1 Speed Low Speed Range, High Speed Range,
Ratio Reducer ( in./sec) (in./sec)

2:1 no 3.33 x 10" 3  1.67 x 10-2

3.33 x 10-2 1.67 x 10-1

4:1 no 1.67 x ,0- 3  8.35x 10-2

1.67 x 10-2 8.35x 10-1

Z:1 yes 8.58 x 10" 4  4.18 x 10-5

8.58 x 10- 3  4.18 x 10-4

4:1 yes 4.18 x 10-6 2.09 x 10-4

4.18 x 10- 5  2.09 x 10-3

A 4-range electric tachometer for measuring and indicating the

tensile machine drive motor speeds was installed, and calibration curves

were .nrepared, enabling strain rates to be read directly from the tacho-

meter meter.
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B. Intermediate Strain Rate Loading Device

The machine designed and constructed for this purpose is shown

in Fig. 2-I. The unit consists of a steel tube, a compression spring, an

end adapter, and a sear arrangement for triggering the unit to release the

crmpressed spring. Loading velocities could be varied as a function of

the amount of spring preload. Figure 2-2 shows the arrangement for

specimen and end grips and adapters used in the tube of the spring load-

ing fixture. Figure 2-3 shows the spring loaided fixture mounted in the

testing machine.

Determinations of average ram velocity by measurement of the

anvil traverse time over a fixed distance showed that values of up to

380 in. /sec could be achieved. Assuming constant acceleration of the

extended spring, a maximum striking velocity of approximately 760 in. /see

could be' obtained.

C. High Strain Rate Loading Device

A strain rate loading, device capable of loading specimens at

1000 In, /sec was designed, A schematic diagram of the device is shown
in Fig , 5-4. Angular velocity of the steel flywheel in controlled by a d-c
variable speed motor. The specimen is mounted in the machine betwe.n
an upper and lower platen, both of which are rigidly affixed to the machine
base. For the tension loading shown, the specimen is suspended from the
upper platen through a water-cooled load cell link connected to a double
pin-and-clevis specimen grip. At the lower end of the specimen, the same
type double pin-and-cievis is used for connection to a water-cooled loading
bolt. The entire assembly is then freely suspended. The loading bolt and
load applicator cage move vertically in line-bored holes to prevent mis-

alignment.

Specimen loading is accomplished by rapid transfer of energy from
a high mass rotating flywheel to the specimen through a quick acting wrapped

wire spring brake. The diameter of the wrapped spring is smallet than the
flywheel diameter, and is held open in a cocked position by a sear. When
the desired speed is reached, the sear is released, and the wrapped spring
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collapses on the periphery of tht, wheel. The collapsed spring then

starts to rotate with the flywheel, and transmits its motion through a

link to the lod. applicator cage. The load applicator cage is restrained

from movement when the brake is first energized by a detent, to assure

that no movement occurs until the spring brake has been fully engaged by

the flywheel. A 2-in, separation Is maintained between the brake and

the loading bolt of the test assembly, to permiit the loading cage velocity

to approach wheel velocity before Impacting the specimen,

Constructiun of this equipment was deferred when it was established

both by experiments (with the miledium strain rats machine) and calculation

that tensile loading rates in excess of 385 in. /s(c would generate a stress

wave which would fracture the specimen outoide the gage length. None-

theless, such a devies, would be most us.fql on high-speed deformation

studies of nore ductile materials.

3. DEVELOP-ME-NT 0Y, TR ANSVERSE DEND TEST EQUIPMENT

Photola~stic studies had indicated that uniform spe ,cimen bending

could be 1)roduced by 4-poinit loading. The load connection was establishcd

by drilling 4 holt's through the specirmon, and pLacing pins in the holes.

Outer holos were concted to the upper crosshoad of a tensile rriachine,
inner holes to the lower crosshead. Gimbals were used between each

pin, and the appropriate crosshead to compensate for the possible lack of

parallelisn of Loading holes in the specimen.

This system, although suitable for metals, did not develop uniform

bending in the ceramic specimens. Thereforc, a high-precision bend test

unit had to be constructed; the severe difficulties encountered in this task

focussed particular attention, in turn, on the problems associated with

achieving uniaxial tensile loading.

The reasons for lack of uniform bendirg in test specimens were

found to lie in the limit of machining accuracy, and iW the ability of gimbal

sets to compensate for machining deviations. The highest degree of

accuracy presently attainable for the hole centerline, is a tolerance of

+0. 0001 in. from truie perpendicular to the specimen surface, at a speci-

men thickness of 0. 250 in. If the axis is horizontally inclined, the gimbal

will compensate for the misalignment; however, if the hole is vertically

inclined, the gimbal
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is useless. If the vertical deviation of two adjacent holes is in opposite

direction, a 0. 0004-in. twisting strain will be superimposed on the bend-

ing strain. At a failure strain of less than 0. 001 in. in bending, the

twisting strain becomes at least 40 per cent of the bending strain, and

the test loses all validity. Unfortunately, photoelastic strain determi-

nations were not sufficiently sensitive to detect this difficulty.

When these difficulties bccame fully appreciated, a special fixture

was designed and constructed which placed the specimen in bending with-

out the need for any holes. Figures 2-5 and 2-6 show details of the

operating parts and its method of mounting on the tensile machine. The

posts supporting the roller pedestals are machined to +0. 0001 in. for use

as load cell members. High-sensitivity semi-conductor strain gages

(not shown) were mounted on the right hand post. This member has a

compressive load applied to its centerline at all times, due to anchoring

of the right hand roller assembly. The left hand roller assembly is left

free to move laterally, in order to prevent buildup of any axial stressen

in the specimen subjected to the bending load. Linear bearing races were

used to minimize friction between the upper head of bend tester and atign-

ment posts. Loading posts, attached to the upper section of the fixture,

and all rollers, were machined to a tolerance of +0.0001 in.

The rugged construction of this fixture (250-lb approximate weight),

permits its use with fast loading devices.

4. DESIGN OF THE MEASURING AND RECORDING SYSTEM

Since experiment and calculation had shown that tensile strain rates

in excso of approximately 306'in. /sec would cause specimen fracture out-

side the gage length due to stress wave propagation, it was decided to hold

the maximum strain rate to approximately 200 sec-1 . This, in turn, fixed

the minimum total test time at 10 - 5 sec for a strain of 0. 001 in. /in. The

recording system would then have to possess a full-scale deflection time,

or rise time, of 5 x 10-7 sec in order to assure its ability to follow varia-

tions in the stress-strain curve during loading. Strain resolution limit

was fixed at 5 x 10-6 in., to provide a resolution of 0. 5 per cent of estimated

strain, using specimens possessing a gage length of I in.
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Selection of an appropriate load cell was relatively simple. A

5000-lb strain gage load cell of +0. 25 per cent accuracy, with suitable

dynamic response characteristics, and adequate for use with the strong-

est material, was selected an a stress transdueor.

A detailed review was made of the advisability of using either in-

direct or direct strain measurement. Indirect methods measure strain

indur-d in some portion of the tensile grip, using an extrapolation function

to determine the state of strain in the specimen proper. This process

has the advantage of utilizing non-expendable strain transducers which,

moreover, would not require attachment to the specimen, disturbing

thereby the local strain distribution. This disadvantage of this method

lies in the difficulty of an accurate determination for the correct extrapo-

lation function. Since the latter depends both upon temperature and strain

rate, direct and indirect strain measurements would have had to be obtained

over the entire temperature and strain rate range of the tests. Because of

the inherent uncertainties involved in this approach, indirect measurements

were eliminated from further review, and only direct strain measurements

were considered.

A search of the literature concerning the state-of-the-art of direct

measurement devices disclosed only two applicable techniques, notably

optical gages or strain gages.

Strain gages have a high degree of strain resolution; their disadvan-

tages lie in the economics of their use, and their lack of reliability at ele-

vated temperatures. Gages for operation at 1800"F cost between $15 and

$20 each, compared with room temperature gages at $2 to $3 each; at least

one gage must be mounted on every specimen tested. The cost of labor ex-

pended in mounting the gages is also considerable. Furthermore, problems

concerned with a drift in the value of gage factors and creep in cements have

been encountered at temperatures in excess of 1000"F, ruling out the use of

these devices for static tests, and posing some difficulties in strain gage

bridge calibration even for dynamic tests.

Although the disadvantages to the use of strain gages were not pro-

hibitive, they appeared sufficiently great to make evaluation of optical strain

measurement devices worthwhile.
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(or the gain on the oscilloscope amplifier) until a given beam deflection

was noted. Erroru resulting from creep of gage cement were minimized

by running the test as soon as possible after zero ind calibration adjust-

ments were made.

5. DESIGN AND CONSTRUCTION OF A SUITABLE FURNACE FOR TEN-
SILE AND BEND TEST APPLICATION

The design of the traniverse bend and tensile test fixture made it

mandatory that the furnace heat only the reduced section of the test speci,,

men. Consequently, a small furnace was designed and constructed for

use in both tensile and bend test activity. A schematic diagram of this

furnace is shown in Fig. 2-7.

Total furnace length is I in.; the zone of uniform temperature is

substantially in excess of the 1/4-in. specimen gage length. Continuous

oper'ting temperature of the furnace is 1850'F. Number 10 Nichrome

wire was used for the heating element to assure long element life. Oper-

ating current is approximately 45 amps, for a 6-8 volt input.

The furnace is designed to be slipped over the test specimen prior

to insertion in the grips and is then supported by an appropriate bracket

attached to. the testing fixture.

To test the suitabilityof the furnace, the gage section of an A12 0 3

specimen, mounted in tensile grips with lead shims, was heated to 1800*F

and held at temperature for 5 hours. The lead shims did not soften or melt

during this time.

6. LOADING SYSTEMS FOR UNIAXIAL OR PURE BENDING STRAINS IN

BRITTLE MATERIALS

A. Uniaxial Loading

Photoelastic studies of several tensile specimens and grip designs

of differing geometric configuration, undertaken during the first six months

of the project, indicated that a shoulder-type specimen and grip would

possess an adequate uniaxial loading characterlstic when loaded in tension.

This design was also favored btcause the type of tensile specimen (dogbone)

could be easily and relatively economically produced by the ceramic manu-

facturers. A drawing of this specimen is shown in Fig. 2-8. Succeeding
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Fig. 2-6 VIEW OF SPECIMEN BEND FIXTURE MOUNTED IN

TESTING MACHINE
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Fig. 2-7 SCHEMATIC OF ELEVATED TEMPERATURE FURNACE
FOR TEST SECTION OF DOOBONE SPECIMEN
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tensile tests, utilizing this specimen shape for ceramic materials, showed

that the plastic birefringent materials used in the initial photoelastic test

had not been sufficiently sensitive to indicate the deficiencies of this design.

Occasional bending strains amounting to 50 to 60 per cent of the tensile

component were determined to be present in ceramic specimens subjected

to "pure tension". Uso of self-aligning gimbals between specimen grips

and tensile machine crosshead did little to reduce this high bending strain.

First efforts to reduce bending were concerned with improvements

in the self-aligning test grip gimbals, and a reduction in grip and specimen

tolerances. Variations were explored on two basic types of gimbals; a

double clevis-double pin type, and a ball swivel type. The latter proved

to be superior after many trials. An additional improvement was effected

by attaching a low-frequency vibrator to the tensile machine while the test

was in progress. Test specimens were ground to the dimensions shown

in Fig. 2-8, in an effort to reduce possibilities of unsymmetrical loading.

Although these measures were helpful, the banding component occasionally

still approached 30 per cent, without any demonstrated test reproducibility.

Attentiun was next centered on grip design.

Further investigation revealed that the remaining eccentricity was

due to the inability to control the position of the shoulder contact surfaces

between grip and specimen. The radius of curvature of such surfaces

could neither be machined nor gaged to the accuracy demanded for uniform
reproducible area contact. As a result, the amount and position of the

contact surface between specimen and grip became a random function,

causing the loading axis to be transposed or angularly misaligned by vary-

ing amounts with respect to the specimen centerline, resulting in a random

bending component with a maximum value of about one-third of the tensile

strain.

The problem of accurate alignment of specimen and grip was approached

by use of oversize grips, a standard specimen, a "potting" material, and a jig

to maintain specimen-grip alignment while the potting material set. The

alignment jig and oversize grips were machined to a tolerance of +0. 0005 in.

Photographs of the precision tensile specimen and gage, and the precision

tensile specimen cemented in tensile grips are shown in Fig. 2-9 and 2-10.

The grip cavities were milled from a solid block of steel in an effort to make

them as rigid as possible.
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Fig. 2-9 PRECISION TENSILE SPECIMEN
AND GAGE

Fig. 2- 10 PRECISION TENSILE SPECIMEN
CEMENTED IN TENSILE GRIPS
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Potting materials were screvned according to their ability to fulfill

the following requirements:

(a) High yield strength;

(b) Zero or positive linear expansion coefficient on cooling, to
assure filling of space between grip and specimen; and,

(c) Relatively low melting tcomperature to avoid thermal shock to
specimen, or softening of steel grip. To satisfy this require-
ment, an arbitrary limit of 1000'F was placed on the melting
point of the potting material.

Two materials appeared to satisfy these three requirerments: an

epoxy resin and a low melting point alloy. Although little mechanical

property information was available on the epoxy resin, it was known that

its ultimate tensile strength was in the neighborhood of 8, 000 psi, and that

it possessed a positive expansion coefficient. The alloy, "cerro-matrix",

possessed an ultimate tensile strength of 15, 000, a total elongation of only

2 per cent (indicating the yield strength to be near the ultimate strength),

and a positive expansion coefficient on cooling. Melting range was 315 to

3606 F.

In tests both materials showed considerable yielding at loads over

400 lb. The epoxy material cracked loudly, -exhibited discontinuous yield-

ing, and did not reduce the amount of bending component. The metal alloy,

in two tests, reduced the bending component to 5 per cent and 3 per cent

respectively. However, the results were not reproducible. Bending ran

as high as 35 per cent in subsequent tests.

Examination of the potting metal surfaces from several specimens

after specimen testing disclosed that yielding of the metal had taken place

over a relatively small section of its contact surface, whose location shifted

from test to test. Therefore, a random contact process was still occurring,

due to the rigidity of the grip which afforded no possibility for any stress re-

lief of the potting material.

Consequently, another type of grip was machined from aluminum, in

the general shape of a horseshoe. For absence of a cros 3-tie, the horse-

shoe ends were free to open slightly as a tensile pull was exerted on the

specimen. Tne grip was machined oversize, and lead shims were used to

fill in the space between specimen and grip. After some experimenting, a

shim of approximately 3/32-in. thickness was found to be most effective.
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Tensile tests using this grip nhowed that a 35 to 50 per cont bend-

ing component existed when a 100-lb tensile load was placed on the speci-

men. However, the relative bending strain steadily decreased until, at

a 1000-lb load, the bending strain decreased to 15 per cent of the tensile

strain; the opening between the grip horseshoe ends increased by 0. 01 5-in.

under this load. The test was not carried past this point to avoid a possi-

bility of premature specimen fracture.

Ac the next step, the thickness of the horseshoe was reduced in

steps to determine optimrum thickness for reduction of bending component

at a minimum tensile load, while preserving adequate strength in the grips

for higher loads. Unfortunately, no significant improvement was obtained

by this effort. Moreover, test results were not reproducible. Turning
the same specimen upside down, or front-to-back, would change the bend

component reduction characteristic of the grip.

This effect suggested two remedial possibilities. The first was
an increase in the self-alignment properties of the tensile grip-specimen

combination; the second, an improvement in the dimensional tolerance of
the specimens used in the test, An improvement was attempted in self-
aligning properties first. This was accomplished by using several layers

of lead shim stock between the specimen and the grip. Experimtantation
showed that best improvement in uniaxial loading characteristic was se-
cured by the use of 3 lead shims 0. 008-in. thick.

Tensile test results showed marked improvement in unlaxial load-

ing characteristics in some cases@, no improvement in others. Maximum
bending component in some tests, with loads of up to 1200 lb, was 10 per

cent, ranging from a 10- 1 in. bending strain at a Z00-lb load to a 3 5 - in.
strain at 1200 lb. In other tests, naximum bending components ran as
high as 42 per cent. In addition, the deformation and slippage rate of the
lead shims did not vary linearly with load, resulting in a variable strain

rate even when crosshead velocity remained constant. However, the use
of lead shims was not immediately abandoned because of the demonstrated

potential of this system in reducing bending strain components to acceptable

levels.
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Instead, attention wauq turned to the possibility of uniaxiat load

improvement through the use of test specimens machined to a clos,,r

tolerance than those previously ;used. The maximum tolerance was re-

duced by a factor of 5, from +0. 0025 to +0. 0005 in. The dimensions of

the low-tolerance specimens produced are shown in Fig. 2-8. This re-
duction in tolerance represented a 20-fold increase in accuracy in the

sections on which a tolerance could be measured, but did not necessarily

improve the accuracy of the shoulder radii; no gaging techniques are

known to exist which can accurately determine deviations of curvature

at all points on the arc.

Comparison of static and dynamic test results obtained from the

testing of high-precision specimens with those obtained from the testing

of the lower precision specimens showed that the bending component mini-
ma and maxima were reduced from 10 per cent to 3 per cent, and from

42 per cent to 19 per cent, respectively, when the higher precision speci-

mens were used. However, successive static tests run on the same high-

precision specimen did not yield the same bending component. Direction

of bending did not change if specimens were rotated 180' on successive
static or dynamic tests. High-precision specimens loaded to fracture
broke adjacent to the end of the gage length. in an area in which shoulder

grinding marks running in one direction intersected gage section grinding

marks which ran in another direction. Ultimate tensile strength of these

pieces was low, approximately IZ, 000 psi.

Although this activity did not produce the desired results, four

conclusions could be drawn from this data:

(a) An improvement in uniaxial loading characteristic is effected
if specimens are ground with a high degree of preclion.

(b) Surface finish may have an important effect on tensile strength.

(c) The lead shim is not effective in reducing the bending component
with increasing load. This component, in terms of per cent of
tensile strain, remains constant.

(d) The amount of bending component appears to he determined by
the chance mating of the lead shim and the specimen, when the
specimen is inserted in the grip. This is shown by the varia-
tion in bending component from test to test on the same speci-
men.
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B. Bend Test Activity

The bend fixture described in Section 3 forestalls the development

of any axial loads in the specimen, but the prevention of twisting strains

is a more difficult problem. Although the rugged construction of the bend

test fixture frame prevents its twisting under the applied load, all four load

transmitting posts must contact the load rollers (cf. Fig. 2-5) at the same

time to avoid twisting the specimen. Load cell posts, load rollers, and

load transmitting posts are all ground to a tolerance of +0..0001 in. Never-

theless, it is possible for a cumulative tolerance error to cause the load

transmitting posts to be in contact with some rollers before others. Fur,-

thermore, the bearing-guide pin tolerance can also effect a roller contact

height change.

Tests, using both standard and high-precision test specimens, have

shown that the fixture was exerting a twisting strain of the specimen, while

bending it, The difficulty was found to b6 due to unequal roller contact

height. Three rollers were contacted by the load transmitting posts at

virtually the same height; the fourth was not. Distance between the fourth

load transmission post and its roller was between 0. 0002 and 0. 0005 in.

Since the "tate" roller contact was on the right side, this deviation caused

a ber),ding of the load cell post, with a resultant loss of load measurement

accuracy. (This post has a 1-lb sensitivity, and a repeatability of +1 lb.

However, load must be corpressive if signal output is to be linear.)

Procedures are being investigated for adjustment of the height of the

load transmitting posts, using elimination of twist strain as the criterion of

proper adjustnent.

7. CONCLUSIONS

The problems associated with the design and development of high

loading rate equipment for tensile and bend testing of brittle materials, high

and low speed data recording, and elevated temperature testing could be

solved by utilization of procedures which did not extend beyond the state of

the specific art employed. As examples, required machining tolerances,

response time and signal sensitivity of the electronic equipment used, and

furnace temperatures were all readily attainable, and did not require any

research to extend performance ranges. These project objectives were

attained during the program period.
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However, de'mands of tensile testing of brittle materials greatly

exceeded the present capability of the art, Since the manner of gather-

ing *train data was to use a strain gage on only one specimen face, pro-

curement of meaningful tensile test cata demanded that the bending strain

be held to less than 5 per cent of the tensile strain. Since the ductility

of the specir"'-ns tests in no case exceeded 0. 001 in, -1, this meant that

maximum bending strain could not excced 50 L in. Conventional machin-
ing tolerances are about 2000 & in., 40 times the maximum bending strain
tolerated.

Although improvements in uniaxial loading characteristics were

secured by holding miachining and grJnding tot erancos to oxtromely tight

specifications, it became apparent that the techniques being used were

too coarse to develop the required loading accuracy.

A similar situation existed with bend test data. However, there

were two alleviating conditions, which did not exist in the tensile test ac-

tivity. First, the specimen could be gripped in an area where its dimen-

sions were accurately known and, second, the bend test fixture was, int

reality, a separate machine specifically designed :for the testing of brittle

materials. Ca-re was taken to avoid development of unwanted specimen

stresies by design and precision machining practice.

The improvement in the existent state of the art of meaningful and

reproducible tensile te.sting on brittle materials appears to require more
than improved equipment design; it would be necessary to have built-in

means of sensitive adjustmenti and optical gages of 50 I in. sensitivity so

placed as to determine results secured by adjustment, The use of a speci-

men possessing extremely close tolerances and axial symmetry would

greatly assist in reducing adjustment complexity.

Bend test problems appear nearer of solution with the equipment

on hand. Use of optical gages and adjustable-height load transmission

posts in conjunction with an improved tensile machine supplying a down-
ward thrust free of horizontal components should develop the necessary

precision required for accurate bend testing of brittle materials.
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TASK 3 - EFFECT OF NON-UNIFQRM STRESS FIELDS

Principal Investigators: . M. Daniels and N. A. Weil
Armour Research Foundation

ABSTRACT

The purpose of this program is to investigate the effect of non-
uniform stress fields upon the fracture characteristics f brittle materials,
the principal aim being to determine whether the stress gradient existing
at the location of fracture initiation has an independent effect upon the frac-
ture strength.

To study this parameter, specimens were evolved whose effec-
tive size ranged over three decades with a stress gradient variation from
0 to 12. 50 4Tin. (a = peak stress). A special shape, the "theta"-speci-
men, was &eveloped-which generates uniform tension at the locus of frac-
ture initiation, and is comparatively insensitive to the manner of load
alignment.

Formulations, based upon existing theories of failure were de-
rived for uniform tension and pure bending, and experiments were carried
out on three "sample" brittle materials; Columbia resin (CR-39), plexi-
glas and graphite. In addition, work with muiticrystalline A1 2 0 3 has been
begun.

Correlations were developed for the effect of stress gradient
and the volume of high stress upqq fracture strengto, and go-od comparisons
were obtained for CR-39 and graphite. Graphite, when analyzed according
to existing statistical thec.ries, appears to exhibit a "Weibull-anisotropy",
which may indicate that its surface and interior fracture probabilities are
governed by different criteria.
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TASK 3 - EFFECT OF NON-UNIFOR M STRESS FIELDS

1. INTRODUCTION

The principal characteristic of brittle materials which causes con-

ventional methods of working stresses to be inadequate is that their strength

is statistically distributc-d over a comparatively wide range, Because of

this, it is Insuificient to deal with the mean strength of the objects, and it

becomes necessary to determine the variability of strength as a function of

material and environmental parameters.

Statistical theories dealing with this subject allow for an adequate

prediction of the failure probabilities of simple shapes of brittle materials,

and take full account of the volume effect as well as the nature of the stress

distribution to which the body is subjected. These predictions were reason-

ably well confirmed by experiments, However, in existing theories (statis-

tical or deterministic) the stress gradient in the vicinity of the governing

stress s not assumed to have an independent effect upon fracture strength,

nor have any experiments been carried out to investigate this point. The

purpose of this Task, accordingly, is to determine the effect of non-uniform

stress fields upon the fracture characteristics of brittle materials, and to

examine whether the stress gradient existing at the point of crack initiation

has an independent influence upon the fracture strength of the material.

Such studies are to be carried out both experimentally and theoretically.

In the simplest case the non-uniformity of a stress field can be de-

scribed by a single parameter, the stress gradient. A major part of the
effort was devoted to selection and evaluation of specimen designs giving

known and controllable stress gradients. A wide range of stress g-adient,

was covered by tensile, pure bending, ring and theta-shaped specimens. A

large variation in effective size or volume under high stress accompanied
the variation in stress gradient. For this reason, the volume under high

stress was studied as an additional parameter influencing fracture. Corre-

lations of experimental data obtained with existing statistical theories of

failure were made for tensile and pure bending specimens only. The appli-

cation of such theories to the more complicated stress distributions of the
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ting, specimens is very invulved mathematically, and was not atLempted in

view of the time Limitations of tho program.

Since most of the work reported herein is of an exploratory nature,

dealing with the selection and evaluation of specimen designs and establish-

ment of experimental procedures, initial experiments were conducted with

readily available and relatively inexpensive brittle materials, such as (a)

Columbia Resin (CR-39), an amorphous polymeric brittle material with very

good birefringent properties, (b) PlexigLas, an amorphous brittle polymer

with some birefringent properties and good machinability and (c) Graphite

with the properties of brittleness and fairly good machinability. Work on

ceramics, such as polycrystailine A12 0 3 and MgO was initiated but did not

progress to the point where significant results could be reported.

Correlations were m-ade between failure stress and each of the two

parameters mentioned above, i. e., strelss gradient and volume at high

siress, treating each one in turn as the only significant parameter. This,

of course, is true only when all parameters e'xcept the one in question are

kept constant. In the present case no effort was made to segregate the

effects of stress gradient from that of effective size. A good correlation

(especially for CR-39 and graphite) bet'een failure stress and effective size

was obtained by arbitrarily defining the effective size as the volume of the

specimen subjected to at least 95 per cent of its maximum tensile stress.

2. STATISTICAL THEORY OF BRITTLE FRACTURE

The fracture of completely brittle materials was first examined in

detail by Griffith(I-1) who, using the theoretical results of Inglis, predicted

that the growth of a crack will become possible when

cr = (2 E/rc)l/ 2

where /e is the surface energy, E is the modulus of elasticity of the mater-

ial, c the depth of the existing surface crack, and w the intensity of the

applied (uniaxial) stress field. Griffith's theory is based on the balance be-

tween the energy liberated from the stress field and that absorbed in creating

new surfaces; it also assumes that the crack is infinitely oharp and that its
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propagation into the homogeneous material ahead of it is obtained by the

parting of atomic bonds at the tip of the penetrating crack. Many questions

ris' in connoction with this representation of fracture stress; as an exam-

ple, the influence of the surface energy term upon fracture criteria is being

investigated in detail on Task 6 of this program.

Of interest here is the fact that, according to Griffith, fracture will

be initiated in a material containing z pre-existing flaw c, provided that

the applied stress exceeds o" = Kc 1 /Z, where K is simply a proportion-

ality conrstant taking all other physical parameters into account. Moreover,

the crack will continue to propagate unless the stress intensity drops below

the value postulated above at the existing (increased) depth of the running flaw.

This iimple picture of fracture in brittle materials would be adequate,

provided one could determine the most eignificant "'flaw" (diclocation pile-up,

microscopic or macroscopic cracks, "metallurgical notches", lack of grain

boundary fusion, surface attack by corrosive media) existing in the material.

This, of course, cannot be done. Instead, one must approach the problem

in an inverse sense. By a determination of the fracture strength, one can

obtain an indication of the magnitude of governing flaw that existed in the

structure.

Such an approach will disclose that the strength of apparently identi-

cal specimens isa highly variable, because of the different magnitude of sig-

nificant flaws contained in them. Moreover, the strength will clearly be a

function of size: the larger the specimen, the greater the probability that

a severe flaw will be contained in it.

The problem must therefore be attacked on a statistical basis, assign-

ing a given probability of failure to a specified stress level. Theories based

on this concept postulate that each material contains a random distribution of

flaws, whose severity varies from specimen to specimen; fracture will be

occasioned by the most severe flaw the piece happens to contain. To allow

for analytical formulation, the specimen is visualized as being composed of

individual infinitesimal volumes (or "links"), each of which carries a certain

failure probability corresponding to the stress level to which it is subjected.

When the first such link is ruptured, the shole specimen fails; hence these

approaches are designated as the "weakest-link" theories of fracture.
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Several forrnulations of the weakest-link theory of fracture have

been proposed( 3 - 2 , 3-3), but the most widely accepted is that of Wvibull( 3 - 4 )

who is credited with the suggestion of a spvcial elementary distribution func-

tion of wide applicability( 3 "5). Epsti.in( 3 "6 ) reviewed the technical literature

and formulated the problem of fractre in terms of fundamental mathematical

statistics. This paper ,rnphaized that the problem of fracture is that of the

distribution of smallest values in samples of a given size (or a given number

of flaws). The application of the general theory to a specific problem iv a

matter of selecting the most suitable distribution function.

In general, the occurrence of a phenomenon is characterized by an

underlying or "unit" probability density function f(x) of the variable x.

The cumulative distribution function

xF('x) = ~x (3-1)

expresses the probability that the event will occur at a value of the variable

less than or equal to x. Then, the probability density function in samples

of size n is

n-1

gn(x) = nf(x) EL - F(x)] (3-)

and the associated cumulative distribution function is

Gn(X) = gnlX)dx = I - - F(x)] (3-3)

The mode of gn(x) represents the most probable value of x in samples of

size n; this also corresponds to the value xA at which the function gn(x)

attains a maximum. By solving for gt(x) = 0 from Eq. 3-Z,

f2 (X*) (n-1)= I' (X*)] [1 - F(X*) (3-4)

Knowledge of the "unit" probability density function, .f(x), enables one to cal-

culate the mode and all other measures of the distribution.
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The form of the Weibull distribution function is based on the assump-

tion that the probability of fracture of, an infinitesimal element subjected to a

known stress is proportional to the volume, so that

S = 0 ( ) dV (3.5)

where, Si is the probability of fracture in infinitesimal element dV for a

value of the variable less than or equal to IP, 0 (&), the function associated

with the material, and I is the function of stress components at a point used

as a criterion of failure. (For a specimen under uniform tensile stress or,

The probability of no-fracture (survival) of a specimen composed of n

volume elements dV with respective probabilities of fracture S, S2, .,

Sn is
nn

F-Ts = T (1- Si) (3-6)

i~l

then,

n n

log (I-S) log (,-S,, Si (3-7)

and, if the stress does not exceed F in any elemental volume

log (I-S) = - (01) Ov

V

from which

S = I- exp J (1) dVI = I- e" B (3-8)J

where B is termed the "risk of rupture".
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The requirements on 0 (JP) are that it be i positive and monotoni-

cally nondecreasing function. The simplest form of such a function for

the case of a specimen under uniform tensile 6tress is the following one

suggested by Weibull:

€ ( • 0(3-9)

for O" Cr

where O'U, Co and m are constarrts associated with the material. In

statistical terminology, the Weibull function gives the cumulative distribu-

tion function for a unit volume

F(x) = 1 e ( 0 -)m (3140)

and the "unit" probability density function, by Eq. 3-1, will be given by

dAZx = m ( u) (,xX m (3-11)

The probability of rupture of a tensile specimen of volume V, by sim-

ple integration of Ea. 3-8, is

S= I - exp V (3-12)

which becomes zero when w 1 Gru no matter how large the volume V. How-

ever, as Kies( 3 "7) observed, the probability of fracture does not reach unity

until ar becomes infinite. In Kies' modification,

S = I - exp V , (3-13)

where is an exponent different from WeibulL's m, and 0 is an upper

0

limiting stress of the material.
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Weibull's elementary function has the advantage of yielding cLosed-

form solutions for the mean failure stress and standard deviation for cer-

tain simple cases of non-uniform stress distribution. It has found experi-

mental corroboration especially in materials where the failure stress is

much smaller than the theoretical strength. As far as can be determined,

Kiesl function has not been applied to the solution of problems involving

non-uniform stress fields.

For a simple Weibull distribution, the mean value is given by

4Y- + ,.Bd (.
m u z e d or (3-14)

where

B - (o) dV

V

and the variance by

2 B 2a " d(&

Vu

For a specimen of volume V under uniform tensile stress r,- /
.- v ~,--"/ da._au+oV-- -m dz

M r u  o m d=a r0V

or

/ II

O'M ( + o -W r(I+-) (3-16)

(The gamma function if defined as F (y) = y-l e- dz)

0
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The variance is given by

aV, [- 2 11 +-, (3-17)

and the mode determined by Eq. 3-4 is

Ii I/
1l 1 (3/18

%mode = Ou + Oov' (1-) (318)

These formulas suggest an analytical method of determining the parameters

of the Weibull distribution from tensile tests of one size of specimen only.

If one determines experimentally the ratio

O - "mode) 2_ [rml+j - (1. -fm]I

a Z( +) -rZ (l +WI) (-9

the corresponding value of m can be found, since th e right-hand side of

Eq. 3-19 is a function of parameter m only, even for Wu 0 o,. Then, oo

can be calculated from Eq. 3-17, and finally Cru is determined using either

Eq. 3-16 or 3-18. In the special case when 4ru = o, one can determine m

by taking the coefficient of variation or relative variance

a 1 (3.20)

m r (-. + I

A. Multiaxial Stresses

In the theory of brittle fracture, it is assumed that only tensile normal

stresses contribute to failure. A tensile normal stress, whether arising from

a uniaxial or a polyaxial stress field, is not only a point functionb but is also

associated with a direction. Therefore, to determine the correct risk of

rupture, according to Weibull(3 - 4 ), the contributions of all normal tensile

stresses at a point must be taken into consideration. The risk of rupture

B can be determined as follows:

If V = W(x, y, z, 0, 0) is the normal stress at a given point (x, y, z)

along a direction defied by the angles 0 and
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(e.) K 1f( 0 , dO (3-21)
0

where 9 is the spatial angle of the tonsile stress Cr. As before

B = J0 (Ca) dV
V

The validity of this treatment for multiaxial stresses has been evaluated

only in a few isolated cases.

B. Non-Uniform Stress Fields (Uniaxial)

Let the stress at any point be written as

" a f(x, y, z) (3-22)

p 
(

where Vp is a characteristic stress at an arbitrary point of the specimen, and

f(x, y, z) the function of position. The risk of rupture is given by

B = ()dV f ~ y z)] dV . (-3

V V

The simplest case of a non-uniform stress field is that in a prismatic

beam under pure bending. In the case of a rectangular cross section (b x 2h),

C" r W dV = bfdy (3-24)

where a" here is the extreme fiber stress. Then,
p

B dV=- dy

MM + ) p -
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whore, ' is gage length, hu  hl u and V the volume of gage section of

peclirylen. PWN

The mean failure stress is / B d which for uo
mdop whc orc

becomes crU

F ~m-+-V1/M + 1 (3-26)

Crn 1 oL V ]
The mean failure stress for a pure bending specimen and a tensile

specimen of the same g-ge volume for 0r = o have the ratio

a) b (zm + /) i (3-27)

C. Graphical Determination of Distribution Parameters

Let the total number of specimens tested be N, and assume that upon'

completion of the experiments are given a serial number a, where nAN
is assigned according to an increasing level of fracture stress, For this sys-

tern it In obvious that the probability of fracture will be given by

s, n
S TT,

Combining this with 8q. 3-8 (1 - S = e'B), and taking the double logariihm

of both sides,

log log log log log B + log log e (3-28)

where, the logarithms are Briggs'.

Substituting B = V ( into Eq, 3-28 for the case of tensile

specimen, there results

ogl og-T- = m log (or-Ou) + log V - m log wr + log log e. (3-29)
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To obtain the numerical values of the parameters, it is most convenient to

plot Log log -- - against tog (ar-cu). For the, correct value of ( ,

this plot will be a straight line having a slope of m and an intercept of

log V-m log ro + log log e, which permit the determination of Wo once m

and V are known. The value of & u resulting in a linear plot must, of

course, be dtermined by trial and error.

For the case of pure bending, the oxpression for B from Eq. 3-25

is substituted into Eq. 3-28 yielding

LogLog -N+ i (m + 1) log (cr p- -u ) -m log (ro

- log Ojp + log V + log log e (3-30)

It is suggested here for the case where u  o to plot

[log Nl + I + Log verss log ( a- - aNo Lo + I - n UP u

The value of cru is found by trial and error until a straight line plot is ob-

tained. Then, (ini + 1) is determined as the slope of this line and oo is

found as in the case of the tensile specimen above.

3. STRESS DISTRIBUTION FACTORS AFFECTING FAILURE

A. Weibull Theory

The Weibull theory presented above is fully capable of predicting fail-

ure conditions for the case of non-uniform stress fields subject, of course, to

the validity of its underlying assumptions. Each infinitesimal element is still

considered to be under uniform stress, and the risk of rupture for a given

specimen is found by integrating the risk of rupture of each element over the

volume of the specimen. Essentially this is a description based on size ef-

fect only, and accounts for the effects of the non-uniformity of stress distri-

bution solely through the consideration of different risks of rupture associated
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with the varying stress levels existing in ,ach component element. The

effect, if any, of sharp stress concr'ntrations, howe'ver, cannot be ac-

counted for with this approach.

Weibull( 3 " 4 ) hinted that such an efect might exist by suggesting that

the material function can be affected and altered in regions of high stress

gradients caused by sharp stress concentrations. One way to describe this

,ffect is to consider the material continuously or discontiruously anisotropic

(in the Weoibull sense) with a variable material function applicable to the dif-

ferently streseed regions. This explanation, however, is conceptually hard

to accept since a material function is expected to depend on the mat'rial only.

It is hoped that this point will be clarified in future research.

A necessary requirement for the application of the Weibull (or any

other statistical) theory to non-uniform stress fields is that the stress-strain

relationship to failure be linear. If this is not true, a stress redistribution

occurs in the spcimen. Then, even in the absence of size effects, one

would compute a higher failure streas in cases of non-uniform stress fields

than actually exists at failure.

B. Stress Gradient

In non-uniform stress fields, the peak stress generally occurs at a
'free boundary- stresses decrease as one proceeds towards the interior (Fig.

3-I(a)). A good descriptor of the stress distribution in such a case would

be the value of the maximum tensile stress and the stress gradient existing

at the boundary. This is normally represented by the slope of the stress

vs. position curve at the boundary. General experience shows that failure

in the form of a crack would initiate at the boundary, and it has been observed

in many materials that the sharper the stress gradient the higher the peak

stress at failure.

The Weibull theory, in fact, anticipates that such an effect will occur;

in the statistical treatment of fracture probabilities each infinitesimal volume

is assigned a given probability of failure depending upon the stress level im-

posed upon it. The probability of fracture of the entire body is then the inte-

grated value of the failure probabilities of all component volumes.
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O9rp p

0. Mro
p 0. 95 c

p

(a) (,b) (c)
Specimen before Specimen before Specimen after
'cracking, showing cracking showing cracking
stress gradient volume subjected

to more than 95%
of maximum ten-
sile stress

Fig. 3-1 ILLUSTRATION OF PROPOSED FACTORS
TO BE CORRELATED WITH FAILURE STRESS
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Consider the case of a simple beam subjected to a uniform moment,

and assume that the gage volume as well as the extreme flibr stress is

identical for each, but the stress gradient vary. For sharp stress gradi-

ents, the stress will fall off rapidly as one proceeds into the interior of the

specimen; these volumes will thelrefore make a smaller contribution to the

overall fracture probability of the body. The net result is that, under the

conditions quoted, the statistical failure theory will assign a higher survi-

val probability to specimens having a higher gradient or, alternately, speci-

mens subjected to a high gradient will be able to sustain a higher extreme

fiber stress at the same fracture probability. This also becomes evident

from Eq. 3-26, where the mean value of extreme fiber stress is seen to be

inversely proportional to Vl/m (assuming g'u a o).

It is not definitely known whether the stress gradient in itself is a

factor affecting failure since it is usually closely connected with effective

size, and previous investigations have never attempted to segregate the in-

dependent effect of these two parameters upon the resulting fractUre proba-

bilities. The simplest way of studying the pure effect of stress gradient is

to test pure bending specimens of rectangular cross section havino tht same

gage volume but varying depths, hence varying stress gradiernts. I

C. Effective Size

Effective size in a specimen subjected to a non-uniform stress dis-

tribution is defined as the size corresponding to a pure tensile specimen

having the same probability of fracture under the same maximum stress.

If 'rp represents the maximum tensile stress anywhere in the speci-

men, the risk of rupture for a non-uniform stress field is given by Eq. 3-23.

If Veff is the effective or equivalent volume of a tensile specimen with the

same risk of rupture,

Veff • f [p f(x, y (3-31)

In general, the effective volume is a function of the failure stress and

the distribution parameters. The effective volume of a beam of rectangular

cross section under pure bending is
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eff Z (m + ) (3-32)

'where V is the gage volume of the bearm. The dependence on 4rp is elim-
inated if 0 a 0.

The application of Weibull's theory becomes very involved in cases of

non-uniform stress distributions more complicated than those corresponding

to pure bending; numerical or graphical methods would have to be employed

for the solution of theme problems. No attempt was made to carry our such

an analysis for the ring specimens used here.

Instead, rough approximation to the effective size was sought on an

empirical basis. This effective size was arbitrarily defined here as the

volume of the specimen subjected to at least 95 per cent of its peak tensile

stress. Figure 3-1(b) shows a shaded area around the point where failure

originates. The tensile stress at every point in this area is greater than

or equal to 95 per cent of the peak stress, Ocp, in the same area. For a

two-dimensional stres distribution, this area is multiplied by the thickness

of the specimen to give the effective volume of fracture as defined. This

area is easily found using two-dimensional photoelastic models. For the

case of a three-dimensional stress distribution, the through-thickness var-

iation of the stress field must also be known for the computation of effective

size.

4. SPECIMEN TYPES

The specimen types used in this Task consisted of dogbone-shaped

specimens used in tension and pure bending tests, rings of different OD to

ID ratios tested in diametral compression, a two-hole disk and a special

theta-shaped specimen. A wide range of effective sizes and stress gradi-

ents was covered by these specimens. The range of effective size covered

was about three decades; the stress gradient varied from 0 to 12. 50p/in.,

where o'p is the peak stress.

Significant parameters of the specimens used are tabulated in Table

3-I. Dimensions of the specimens are shown in Fig. 3-2, 3-3 and 3-4.

The photoelastic patterns used to determine the volume under more than

- 134 -



c o 0 I 4 i0 r ci .4 W it ; z it 06 L

coo0000

In o% o"I- UN N8 -

m~ 000 g8 0
-0 CH O

co C ; ;4i6C
U,

N~, -4

z * . nf

N N_ NO N N NNA

ina -IAN a.~~

ot

"44m)

~0000000000
U, IIA A IAAIA i'~iIA0

NNN ~ 13 N 'N N N



SEC. A-A

A M/6 T,4Ht. odn

A 3/6" D, 4 Hole, Bnding1/ZR Spcimns Only. omit on
TewiAe 5pcimen.

3 SEC. A-A

i 3/16"1 D, 4 Holes, Bending
-4 R I/Z1R A Specimens only. Omit on

Tensile' Specimen.
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Minimum Thickness - .4

+ +

1.0 250 R

1.2500

2053. 000 D

Fig. 3-3 THETA SPECIMEN GEOMETRY

(When a compressive load is applied perpendicularly
to the bar direction, the bar will be subjected to uni-
form tension. Dimensions can be scaled linearly.)
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thickness e, 50___~0 T-' 506e

3. o000 D

Fig. 3.4 DISK WITH TWO HOLES

(Under vertical diametral
compression, failure will
occur in the narrow strip
between the holes.)
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95 per cent of the maximum stress and the gradients in the rings and the

two-hole disk are shown in Fig. 3-5.

5. THE THETA SPECIMEN

A. Need for a Special Design

The theta specimen design shown in Fig. 3-3 was developed with

considerable effort and was, added to the group of specimens for reasons

that require explanation.

It is well known that one of the chief problems associated with the
tensile testing of completely brittle materials is the difficulty of applying
a truly axial load to obtain a uniform stress field in the test area. Many

of the difficulties associated with this problem were treated in detail in the

report presented for the work performed on Task 2 of thts program.

Some of the reasons for this problem are illustrated and itemized in

Fig. 3-6. The itemized factors are present regardless of the type of grips

used on the specimen. From the simple column formula, it can be shown
that the percent of increase in stress resulting from eccentricity is six times
the ratio of the eccentricity to the diameter of a round rod and eight times the

ratio of eccentricity to width for a square rod. Thus, eccentricity of a few
thousands of an inch can produce an appreciable stress increase on one side

of a tensile specimen and failures at lower loads than those corresponding to
true axial loading. To circumvent all or most of these difficulties, various

investigators have used disks, rings, briquettes and beams. All of these

shapes have one thing in common: a non-uniform stress field.

While working with holes in disks to obtain non-uniform stress fields,
the present investigators felt that a solution to this problem would be to de-

velop a specimen shape that could be loaded vertically in simple compression
and apply a truly axial uniform tensile stress to the central horizontal bar.

Beside having a uniform tensile stress, the specimen would be simple to load,
an important feature in high temperature testing. The dimensions of a speci-

men satisfying these requirements are shown in Fig. 3-3; because of its shape,
it was called the theta specimen.
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brip

Fig. 3-5 ISOCHROMA7IC FRINGE PATTERNS OF
FOUR RING11 AND TWO-HOLE DISK UNDER
DIAMETRAL COMPRESSION
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Fig. 3-6 UNIAXIAL TENSILE SPECIMEN AND GRIPS SHOWING
ECCENTRIC LOADING FOR THE CASE WHERE THE
SPECIMEN AXIS IS PARALLEL TO THE AXES OF THE
PINS



B. Load-Strese Relationship

A photoetlastic analysis was conducted to correlate the str,,:Jis d~,vul-

oped in the horizontal bar with the applied diametral load. Figuru 3-7 shows

isochromatic fringe pattrns in the theta specimen under diametral loading.

The patterns demonstrate clearly the de sired features of the specimen, i.e.
that the maximum tons-ilo stress occurs in the bar, that the stress distribu-

tion in the bar is uniform and that the fillets at the ends of the bar do not

produce an undesirable stress concentration. The symmetry of the pattern

also shows that a simple alignment by eye is adequate. The stress in the

bar determined from sinilar photoelastic patterns was found to bu r the fol-
lowing relationship to load:

P P (3-33)U€ = 16.4m

where 0" is the stress in the bar, P the applied load, D the diameter and
t the thickness of the specimen.

Strains in the bar were measured and related to changes in vertical

and horizontal diameters., The strain in the bar was measured by the moire

method using grids of 1000 lines per inch. The moire pattern is shown in

Fig. 3-8. The changes in horizontal and vertical diameters were measured

by means of dial gages. The relationships

4 Z -0.585 = 1.93 (3-34)

were established; where a is the strain in the bar, Ov" and 6h are the in-

crements in the vertical and horizontal diameter, and D is the diameter of

the model.

Thus, from load and deflection measurements one can determine stress

and strain and hence the modulus of elasticity of the material. If the modulus

of elasticity is known for the material and test conditions (e. g., loading rate,

temperature, atmosphere) a single measurement of load or deflection will

suffice for the determination of stress and strain in the bar.
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Grid
Direction

IW1

Fig. 3-8 MOIRE FRINGE PATTERN ON THETA SPECIMEN
UNDER DIAMETRAL COMPRESSIVE LOAD

(The fringes represent lines of constant horizontal displacement.
The incremental displacement between fringes is 0. 001 in. The
Strain in the bar in tenths of 1 percent is given by the number in
I in.
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Equations 3-33 and 3-34 will continue to hold for specinens of cliffer-

ent sizes, provided their dimensions remain proportional to those shown. in

Fig. 3-3. (The thickness, t, can vary independently of all other dimensions.)

There is a possibility, however, that the dimensional relationships of Fig. 3-3

cannot be strictly maintained. It is believed that the most important parame-

ter affecting the load stream relationship is the ratio of bar width to specimen

diameter (w/D). To measure this effect, a theta specimen with a 'wider-than-

normal bar was made of CR-39. Load-fringe order relationships were deter-

mined in the original specimen and, also, after successive reductions, in bar

width. The results are presented in Fig. 3-9 as a variation in stress ratio

K = A - using the dimensionless value of 30w/D as the abscissa. Aa the

figure shows, the resulting relationship is almost linear. Geometric changes

resulting from excessive deformations can also affect the load-stresm relation-

ship.

For the normal theta design of Fig. 3-3, the primary failure occurs in

the bar. The photoelastic pattern of Fig. 3-6 is sufficient evidence of this

fact and most CR-39 specimens tested failed with a single break in the bar.

In some cases, however, the specimen shatters into many fragments at frac-
ture, because of the sudden release of the elastic energy stored in the model.

To obtain conclusive evidence of the sequence of failures, microflash photo-

graphs of Plexiglas specimens during fracture were obtained. Figure 3-10(a)
shows completion of primary failure in the bar and incipient initiation of sec-

ondary fractures elsewhere in the specimen. Figure 3-10(b) shows another
specimen after all primary secondary and tertiary failures have occurred.

These photographs were taken with a microflash light source triggered by

the disruption of a strip of conductive paint seen on the model. It should be

remarked that the sequence of failures might change if the ratio of w/D is

increased beyond a certain limit.

6. EXPERIMENTAL RESULTS

To study the effect of stress distribution alone on failure, all other

factors (temperature, humidity, loading rate, batch of material) were main-

tained constant in the experiments. All specimens were tested in hard screw-

type universal testing machines under constant deflection rate. As mentioned

at the outset the present investigation was conducted on three preliminary model

materials. CR-39 (Columbia Resin), Plexiglas and graphite.
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Fig. 3-9 STRESS-LOAD RELATION FOR GEOMETRIC
VARIATIONS IN THE THETA SPECIMEN
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A. Columbia Resin (CR-39)

Reduced test results for thirteen types of specimen are presented in

Table 3-11. Two additional types of specimen were adeled here. They were

bars of square cross section (0. 24 in. x 0. 24 in.) loaded in pure bending with
a gage length of 2 in. In one case, the beams were loaded so that the neutral
axis was parallel to the top and bottom sides of the cross section, in the sec-

ond case the beams were loaded so that the neutral axis would coincide with
one diagonal of the cross section. In this manner, two greatly different

volumes under high stress are obtained.

The mean failure stress was plotted against stress gradient in Fig.

3-11, and against the volume subjected to a tensile stress greater than
95 per cent of the peak stress in Fig. 3-12. It can be seen that stress gra-
dient alone is not sufficient to explain the difference in failure stress from

specimen to specimen. On the other hand, the effective size seems to be a
dominant factor affecting failure stress. The points tend to fall on a shallow
S-curve approaching asymptotically an upper and a lower limit for the stress.
In the range of parameters considered, this curve could be approximated by
a straight line. An approximate empirical equation of the following form can
be derived for the limited range of sizes tested.

Wu A 95" , (3-35)

where V9 5 is the effective size as defined. From Fig. 3-12, it is found
that A = 10.4 and A m 5,000 and thus the empirical equation becomes

5,000 V9 5
"I / 0' 4 . (3-36)

Experimental work with dogbone specimens subjected to pure bending
and tension gave the following ratios for the mean fracture stresses:

= 1.27 (5/16 in. dogbone specimens)

= 1.26 (0/4 in. dogbone specimens)

a 1. 50 (3/16 in. dogbone specimens)
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Fig. 3- 11 FAILURE STRESS VS. MAXIMUM STRESS GRADIENT FOR
VARIOUS CR-39 SPECIMENS
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The average of these values is 1. 34 and, from the predictions of the Weibull

theory for the ratio of mean fracture stresses in pure bending and tension,

as given by Eq. 3-27,

(Zm+2)1/m 1.34'

from which

m = 10.8

The agreement of this value with that of e4 is remarkable, although this may

be, in part, coincidental.

Statistical analysis of experimental results of the theta specimen and

the bars of square cross section indicated that surface flaws may influence

failure appreciably. The fact that the "95 per cent volume" gives a good

correlation with failure stress may also indicate that failure starts at the

surface in most cases of non-uniform stress distribution and hence a sur-

face layer qualifies as effective size of the specimen.

B. Plexiglas

Reduced test results for ton types of specimens are compiled in Table

3-i11. The mean failurr stress was plotted against the stress gradient in

Fig. 3-13, and against the volume subjected to a tensile stress greater than

95 per cent of the peak stress in Fig. 3-14.

In this case, the correlation with stress gradient seems more meaning-

ful than in the case of CR-39. As in the case of CR-39 the failure stress of

rings is higher than that of beams having the same stress gradient. Also, the

standard deviation tends to increase with increasing gradient (with the excep-

tion of the two-hole disk). It appears that the correlation would be more mean-

inful if specimens of one type only (rings or beams) were compared.

The scatter in Fig. 3-14 is fairly large. Again it would seem that an

S-shape curve would best represent the results obtained, but a straight line

was used for ease of comparison. The following approximate empirical for-
mula for the limited range of sizes considered was derived from the figure.
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o - A V9./0 2 44" (3-37)

Tension and bending tests for the three dogbone specimens yielded the follow-

ing ratios of faflure stresses.

2, (5116 in. dogbone specimens)

2. 53 (1/4 in. dogbone specimens)

3.86 (3/16 in. dogbone specimens)

Ignoring the third value on account of its substantial deviation, the

average of the fV -st two series provides

(Zm + ) / .6

where,

m a i.84 .

The large scatter obtained in the Plexiglas tests may be due in part

to effect of suspected anisotropy.

C. Graphite

Reduced test results for six types of specimen are assembled in Table

3-1V. The mean failure stress was plotted against the stress gradient in

Fig. 3-1S. The correlation between the two quantities (stress and stress

gradient) *seems to be good mainly because most of the specimens used were

of one type (ring) where gradient varies monotonically with effective size.

A good correlation was also obtained between failure stress and volume sub-

jected to more than 95 per cent of the peak tensile stress as shown in Fig.

3-16. The straight line approximation yields the empirical formula

Ira A V9 u 1300 V 91/7.9 (3-38)

for the limited range of slaes tested.
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The results of the theta specimen were analyzed statistically,

The distribution curve for this series is shown in Fig, 3-17. The fre-

quency or probability density curve shown in Fig. 3-18 was obtained by

differentiating the distribution curve graphically. It is seen from this

curve that the mode of the distribution is rmode r Z100 psi, The skew-

ness of the distribution is typical of brittle materials. If the material is
described by a single Weibull-type function, the parameters m, oru and

w o can be found from Eq. 3-17, 3-18 and 3-19.

Following the graphical method of determination of the material
function, log log 1/1 - S was plotted versus log r in Fig. 3-19. The

curve is concave upwards, which means that no single value of o-u exists
which would transform this curvte into a straight line. This is also an
indication of anisotropy (as Weibull defines it), i. e., that the probability

of fracture under the same conditions of stress varies in different parts
of the specimen.

A simple type of anisotropy is the so-called discontinuous aniso-
tropy, in which the solid is assumed to be composed of two parts, Vj and
V 2, with two dietribution function, SI and S2 respectively, whose cor-

responding material functions are given by

( o u) and

Then, if S1 2 is the combined distribution function

I - 12 ft (1-1) ( 1 -32) * (3-39)

yield,

1- i log l+ 10-(Yl "Yz (3-40)

where

Yl = loglog I
1

YZ = log log 1 (3-41)
2

YZ= log log I
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Figure 3-20 shows a plot of y12 - Yl versus y, - YZ

In the system of coordinates of Fig. 3-19, yl and y2 would appear

as straight lines and YI2 as a curve lying above these lines and approach-

ing them asymptotically. In practice, YI2 is obtained as the curve through

the points and the asymptotes are found by trial and error from Eq. 3-40 as

the two straight lines yielding a curve affording the best fit to YlZ' In the

present case, although the data do not appear satisfactory, two such lines

were drawn in Fig. 3-19. The slopes of these lines are ml = 0.7 and

r Z u 5. 3 which repzresent the exponents of the two material functions, pro-

vided that Oul z cruz = o. The first function is believed to apply to the

surface layer of the specimen, the second to the interior. To determine

the slopes of the asymptotes with confidence two or three sizes of specimens

should be used.

D. Wesgo AL995

Figure 3-21 shows the variation of failure stress versus volume

subjected to at least 95 per cent of the peak tensile stress. Using the

straight line approximation,

A 1, 000 V (3-42)orA 95" •95

for the range of sizes considered here. Results on the Weibull constants

are given in the Task 1 report,

7. CONCLUSIONS

Within the framework of the statistical theories of fracture proved

eminently applicable to dealing with the strength criterion of brittle mater-

ials, full recognition is given such factors as the geometrical shape and

volume of the body and the stress distribution existing in it. Further var-

iables, naturally, ar,4 those which depend upon the material itself. These

are, as commonly accepted, the flaw density constant and zero ;trength of

the material, both of which are subject to variations with environmental

conditions such as temperature. Recently an additional constant, the max-

imum fracture strength, has been suggested for inclusion into statistical

failure theories.
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Existing theories, however, do not assume that the stress gradient

at the point of fracture initiation has an independent effect upon failure, nor

have experiments been carried out to investigate this problem. The current

work, therefore, seeks to determine the parametric influence of stress gra-

dient upon the fracture of brittle materials and, in a brQader sense, to ex-

amine the effect of non-uniform stress field upon the statistical probability

of fracture in bodies possessing no ductility.

A substantial part of the effort was devoted to the selection and in-

vestigation of specimen shapes giving the desired controllable variation of

the parameters to be explored in this study. Tensile, bending and ring

specimens were evolved, which allow for a variation of effective volumes

over three decades, and for stress gradients ranging from 0 to 12. 5 ov/in.,

where W'p represents the peak stress occurring in the specimen.

A special shape, designated the theta-specimen was also developed

when it became apparent that it, would be extremely difficult to ensure the

application of uniform tension in the brittle materials used. Under diametral

loading, uniform stresses are generated in the central bar of this specimen,

which is also the locus of maximum tensile stress and, therefore, the place

of fracture initiation in the sp3cimen. The theta shape is comparatively in-

sensitive to small deviations of misalignment of the loading direc! 3n.

Statistical failure probabilities, based upon existing formulations,

were derived for the shapes of tensile and bending specimens used in this

work. Since large variations of effective size accompanied the variation of

stress gradient, an additional criterion was postulated, as represented by

the portion of the specimen volume subjected to more than 95 per cent of

the governing tensile stress existing in the body.

Experiments were conducted on readily available and comparatively

inexpensive brittle materials, such as Columbia Resin CR-39 (an amorphous

brittle material), Plexiglas (an amorphous brittle polymer) and graphite.

Weibull flaw density constants were obtained for each material, showing

wide variations of properties. In addition, correlations were made re-

garding the individual influence of the stress gradient on the one hand, and
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volume at high stress on the other, upon the fracture strength of the

materials used. Good correlations were obtained for CR-39 and graphite

between failure stress and the empirical 95 per cent-of-maximum-stress

volume criterion. Graphite, when analyzed according to existing proba-

bilistic fracture theories, appeared to exhibit a Weibull anisotropy, mean-

ing that different parts of the specimen exhibit different failure probability

constants. The most likely explanation for this is to assume that fracture

initiation at the surface and the interior of graphite are governed by differ-

ent material constants.

Experimental work on polycrystalline A1 2 0 3 specimens was begun

and some initial results are reported. This work is expected to be con-

tinued during the extension phase of this program.
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TASK 4 - EFFECT OF MICROSTRUCTURE

Principal Investigator: P. R. V. Evans
Armour Research Foundation

ABSTRAC T

The fracture behavior of polycrystalline MgO and Lucalox has
been studied urder conditions of -uniaxial compression in the tem-
perature range 9001 - 1900"C. In both oxides the fracture strength
showed a marked temperature dependence and fracture was, in all
cases, confined to intergranular cracking,

No truly ductile behavior was observed in either of these
polycrystalline materials although metallographic evidence suggested
that the possibility of obtaining ductility was greater in MgO than
Lucalox. The fracture stress (C' F) - grain size (d) data for Lucalox
was subjected to a Petch-type analysis ( F, . r + kd - 1/2). The
applicability of the Petch equation to this matn rLal was not established
because of insufficient experimental data.
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TASK 4 - EFFECT OF MICROSTRUCTURE

1. INTRODUCTION

Recent work by Stroh, (4- 1 Cottrell (4-2) and Petch (4-3) on yield

and fracture behavior of metals has lead to significant advances in the

understanding of the mechanisms involved. Theme theorics are based

on dislocation concepts and have been able to account for the effect of

such variables as grain size, Impurity atoms and temperature. Indeed,

in the case of iron and other body-centered cubic metali, many effect.

of alloying and metallurgical treatment of metals have been rationalized

on this basis.

The success of these current theories dealing with the atomic

mechanisms of cleavage fracture in metallic lattices has prompted an

extension of this thinking to a study of fracture behavior in ceramic

materials. This approach has been used in Task 4 to study fracture in

polycrystalline Al2 0 3 and MgO and centers around the Patch equation
relating fracture strength, W"F and grain size, d,:

rF • r + kd 1 /2  (4-1)
F 0

where Q0 represents the frictional stress on an unlocked dislocation

and k Is a constant directly related to the surface energy associated
with the formation of the fracture surfaces. Equation 4-1 io particularly

usefui in studying fracture behavior since It separates the factors con-

trolling F into three components. Furthermore, the equation is based

on a dislocation model for fracture and the parameters in the equation may

therefore be interpreted in terms of this model.

In addition to studying the influence of d on WF over a broad range

of temperatures, the experimental w:k was aimed at investigating the
presence of a ductile-brittle transition temperature of the type observed

in bcc metals. Previous work (4-4) "as shown that ceramic single crystals

do display a transition, but the manLfestations of this transition are very
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gradual, not accompanied by a change in the mechanism of fracture

which remains cleavage throughout the entire range of temperature.

In these latter respects their behavior differs from that of the bcc

metals.

2. MATERIALS AND TEST SPECIMENS

The work was confined to a study of polycrystalline MgO and A1,0 3

specimens of high density.

A. Polycrystallie MgO

All the MgO specimens tested were manufactured at ARF by hot

pressing (see Chapter 11 for detailed description) and subsequently

ground* to cylindrical shapes I x 1/2 in. diam, such that the end faces

were square to within 0. 001 in. of the specimen axis. The surface

finish was smooth and reproducible. During both the centerless and

surface grinding operations, water was used as a coolant. The chemical

analysis of the hot-pressed MgO is given in Table 4-1. The relatively
high carbon content is attributed to pick up from the graphite hot-

pressing die and its incomplete removal during the subsequent decar-

burimatLon treatment.

Dimensions of the MgO specimen were chosen with three considerations
in mind: (1) The specimens should be stubby enough to avoid the possibility

of elastic buckling. This requirement is amply satisfied, since elastic

buckling is seldom of concern below "slenderness ratios" of 60; (2) The

L/D ratio should be large enough to avoid any distortion of data by iriction

effects exerted at the specimen-platen interface (these effects, resulting

in an apparent increase in compressive strength owing to the friction

constraint, become significant only below L/D ratios of 2. 0); and, (3) To
satisfy the dimensional allowances of the available high-tempeaature testing

machine which could accept specimens only up to 1-1/4 in. in height.

The specimen size selected satisfied all of these requirements.

During the current program, all testing of MgO was restricted to a

Carried out by Accurate GrindLng Company, Chicago, Illinois.
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hot-pressed material with a grain size of 0, 027 mm. However, grain

growth studies of this material were performed in order to provide

specimens covering a range of grain diameters. The results of this

work indicated that limited degrees of grain growth could be obtained

by high temperature annealing in the vicinity of 17000C while still

retaining a relatively uniform grain size structure. Time did not

permit tests to be carried out on these specimens. It is anticipated

that these other grain size levels will be examined in the proposed

extension of this program.

The specimen densities were within the range 99. 4 - 99.7 percent

of theoretical, the small amount of porosity being generally confined

to the grain boundaries.

Table 4-1

CHEMICAL ANALYSIS OF HOT PRESSED MgO *

Element Concentration * *
(w/o)

C 0.018

Mg Principal Constituent

Ca 0.5

Al 0.03

Fe 0.03
Si 0.02

Ti 0.004

Cr 0.0006

Cu 0.0003

* Carried out by Chicago Spectro Service
Laboratory, Inc.

** With the exceptioii of the carbon determina-
tion, the analysis is semi-quantitative.
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B. Lucalox

The polycrystalline AI 20 3 specimens were supplied by the General

Electric Company, Cleveland, Ohio under the trade name Lucalox at

three grain sise levels, 0. 005 mm, 0. 03 mm and 0. I mm. In the

as-received condition the specimens were I x 1/2 in. diam. with the

end faces square to the specimen axis to within 0. 001 inch. During

some preliminary tests it was discovered that the loading capacity of

the compression testing unit was not adequate to produce fracture in

these specimenm. They were, therefore, centerless ground* to 3/8 in.

diam. to reduce the cross sectional area and thus, the load at fracture.

Although the height/diameter ratio for these specimens was now 2.7

compared to 2. 0 for the MgO specimens, this difference in geometry

was not thought to Influence significantly, any comparison that might be

made between the respective test data. The quantitative composition

of the Lucalox is given in Table 4-11.

Table 4-11

SEMI-QUANTITATIVE ANALYSIS OF LUCALOX **

Element Concentration
(w/o)

Al Principal Constituent

Fe 0.07

Mg 0.15

Ti 0.01

Mn 0,001

V 0,004

Na 0.08

Cu 0. 0003

NI 0. 0015

Ca 0.04

Cr 0.002

Ga 0.003

S 0.03
** Carried out by Chicago Spectro Service Laboratory, Inc.

* Carried out by Adolf Meller Company, Providence, Rhode Island.
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The density of the Lucalox varied with grain size, approaching

theoretical density for the 0. 03-mm and 0. I-mm grain ese and

falling to about 97. 22 percent of theoretical for the 0. 005-mm material.

Since porosity influences strength properties, its presence in the

fine-grained samples certainly needs to be considered in the final

analysis of the grain size - fracture strength test data.

All the grain sLse determinations carried out in this study were

based on the formula:

D l.075

where

D is the average grain diameter (cm)

M is magnification

A, area cm 2

N is the number of grains in area A.

Grain size determinations were performed on a series of selected

samples. The values determined for the Lucalox specimens were in

close agreemnent with the quoted figures of 0. 005 mm, 0. 03 mm and

0. 1 mm. These latter figures have therefore been used in analyzing

the Lucalox data.

Each specimen was carefully calipered to determine its actual

dianeter and cross sectional area prior to testing.

3. APPARATUS AND TESTING PROCEDURE

The high-temperature compression testing apparatus was built

around an existing high temperature resistance furnace. A sectional

view of the apparatus is given in Fig. 4- 1 while the unit together with

all the auxiliary equipment is illustrated in Fig. 4-2. Testing was

carried out in a helium atmosphere and, with a tantalum heating element,

the furnace was capable of temperatures up to 2200"C. The rate of

heating and cooling of specimens was closely controlled by manual

adjustment, this being necessary in the case of MgO which is particularly

sensLtLve to thermai shock. It was also thought that controlled heating
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Fig. 4-z FULL. VIEW OF COMPRESSION TESTING UNIT

(I) Framework of compression teoting unit. (6) Vari&plo speed controlier
(2) Load cell for motor drive
(3) Furnace body (7) Load coil instrument panel
(4) Transformer and electrical controls (8) Tacomoter

for heating furnace (9) Vacuum sage
(5) Motor drive (10) Speodommu rocorder for

load meamemsr e
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rates would tend to reduce the pos sibility of thermal cycling damage in

the Lucalox rams used in the testing of Lucalox specimens." After some

preliminary studies on MSO, the heating rate shown in Fig. 4-3 was used

throughout the experimental work. While this heating rate was relatively

rapid, it was found to induce no thermal shock damage in the test spedi-

mens.

The compression specimen was positioned in the uniform temper-

ature zone of the furnace and the load applied through the bottom ram by
a screw Jack. The screw jack was driven bya 1 /2-hp variable speed d-c

motor through a 50:1 reduction gear. The load was measured by a resis-

tance strain gae load cell which was directly recorded on a Speedomax

recorder. TI-D screw Jack speed was held constant at 6.6 x 10-2 in. /min

resulting in a relatively constant strain rate of 6.8 x 10 "2 in. /in. /min
013 x 10- 3 @sac -).

Two major problems encountered in building the apparatus and in

carrying out the compression tests were (1) obtaining axial alignment of

the rams and (2) selection of a suitable ram material that would withstand

the extremely severe temperature-stress condition involved.

The alignment problem was overcome by improved engineering

design.

After a series of preliminary experiments it was decided to try

both tungsten and Lucalox as ram materials since both materials were

commercially available in shapes suitable for this application. A set of

3/4-in. diam tungsten rams proved satisLctory for testing MgO up to

16000C although the specimens did cause a small amount of localized de-

formation of the tungsten at the ram-specimen interface. The depth of

penetration observed was about 0. 0005 - 0. 001 in. To avoid damaging

the ends of the rams in this way, flat tungsten discs were always placed

between the specimens and the rams. These discs were readily removed

after each test, surface ground to yield a flat surface and re-used for fur-

ther testing.
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Tungsten rarns, even up to 1-in. diam, were found to be com-

pletely inadequate for the testing of Lucalox where even higher test

temperatores were to be studied. It wes therefore decided to use

Lucalox rams Jor this phase of the work. I Rods, 1-in. diem, were

employed togethtr with 1/4-in, thick discs which formed the working

surfaces of the compression unit and thus reduced the possibility of
damaging the rams. The rams were friction fitted into steel grips as

illustrated in Fig. 4-4. Although this material has proved satisfactory,

from a mechanical strength standpoint, it has suffered from the follow-

ing disadvantages:

(1) The Lucalox discs crack during testing and a new set is required

for each test run.

(2) The propeirtes of Lucalox appear to deteriorate with use which

results in the premature failure of the rams. Failure of the

rams was generally associated with crack~ng in a direction

parallel with the ram axis. To date, five Lucalox rams have

had to be replaced.

Both these factors present problems since Lucalox is not an inexpensive

material.

4. RESULTS AND DISCUSSION

A. Magnesium Oxide

The compression testing of hot-pressed polycrystalline MgO speci-

mens was carried out in the temperature range 900 - 16001C and has been

confined to as pressed specimens having a grain sise of 0. 027 mm. The

results obtained are summarised in Table 4-111 and Fig. 4-5. Some typi-

cal autographic load-compression curves are given in Fig. 4-6 while a

selected number of fractured specimens are shown in Fig. 4-7 through 4-9.
The specimens deformed at 16000C (Fig. 4 -9% buckled diring testing, sug-

gesting that the loading was not entirely uniaxial. One possible explanation

is that the onset of "plastic deformation" is accompanied by shearing along

a preferred direction in the specimen. Further strain develops this local-

ised shearing at the expense of other possible directions until fracture is

ultimately reached. A similar effect has been observed with Lucalox

(see Fig. 4-15).
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Fig. 4-4 LUCALOX RAMS. DISCS AND A COMPRESSION TEST
SPECIMEN USED IN THE HIGH TEMPERATURE COM-
PRESSION TESTING EXPERIMENTS
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Table 411

COMPRESSION TEST DATA FOR POLYCRYSTALLINE MgO IN

THE TEMPERATURE RANGE 900 - 1600"C

Percent
Test Grain Yield Fracture Ductility*

Temperature, Size, Strength, Strength, in
(0 C) (mm) (psi) (p1i) Compression

900 0.027 33,333

1000 0.027 ..... 23,000

1000 0.027 ------ 27,000

1000 0.027 37,000
1000 0.027 ...... 44,556

1200 0.027 .. , 24,666

1200 0.027 27, 390

1200 0.027 31,840

1400 0.027 17,222 20,111 8.6

1400 0.027 17,500 20,000 7.8

1500 0.027 16,944 18,511 6.6

1500 0.027 18,680 Z0,000 7.4

1600 0.027 14,667 17,067 13.9

1600 0.027 14,200

h - h
a f• Percent compression -y- where h0 and hf are the origita&l
0

and final specimen heights respectively. The h° - hf values were

determined from the autographic recording@ and not from a measure-
ment of the specimens themselves.
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Fig. 4-7 POLYCRYSTALLINE MgO COMPRUSSION
SPECIMEN FRACTURED AT 1200 C

Fig. 4-8 POLYCRYSTALLINE VgO COMPRLISSION
SPECIMEN FRACTURED AT 1400 C

Grain Size 0. 027 mm
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Fig. 4-9 POLYCRYSTALLINE MgO COMPRESSION
SPECIMEN FRACTURED AT 1600"C
(Note Surface Blistering and Buckling of
Specimen). Grain Site w 0, 027 mm

Although the fracture stress-temperature data fall within a scatter
band which becomes particularly wide at 10009C (see Fig. 4-5), the strength

of hot-pressed polycrystalline MgO exhibits a pronounced temperature de-
pendence. The change in fracture strength with temperature was also ac-

companied by a marked change in fracture appearance as illustrated in Fig.

4-7 through 4-9.

The cause of the scatter in the fracture data is not known. The re-

sults do indicate a trend suggesting that the specimens produced during the
latter stages of manufacturing at ARF had a greater fracture strength than

those produced in the initial stages. The scatter may therefore be attri-

buted to a variation in specimen quality. However, it is eti L not known

why this effect should become particularly pronounced at 12000C and below.

The autographic records in Fig. 4-6 indicate that, up to 12000C,
MgO is completely brittle while at 14006C there is apparently evidence of

plastic strain. The extent of this plastic strain shows a general increase
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with increasing temperature. The extent to which this apparent plastic

range represents truly plastic behavior, of the kind observed in metals,

has not been determined as yet. The yield point measurements made in

this temperature range, rather than being associated with creep or plas-

tic flow, may represent the stress at which microcracks are formed.

Further strain then results in the propagation of these cracks followed

by ultimate failure.

Microscopic examination, of specimens tested at 1400*C and 1600"C

indicate that failure in this temperature range is entirely by intergranular

fracture, as shown by the photomicrographs presented in Fig. 4-10 and 4-11.

An examination of grain shape indicates, that at 14000C there is no evidence

of plastic deformation of the grains while at 16001C there are indications

that individual grains are exhibiting some plasticity.

Surface blistering of specimens has been observed at 1400C and

above, increasing in severity with temperature. This is thought to be

due to the presence of unstable impurities in the MgO; however the extent

to which these blisters influence mechanical behavior is not known. Be-

cause of the severe surface blistering at 1600"C, tests were not carried

out above this temperature.

B. Lucalox

The compression testing of Lucalox at three grain size levels was

carried out in the temperature range 1600 - 1900"C. The fracture strength

- grai,, size - temperature data are summarized in Table 4-1V and Fig. 4-12.

The results indicate that the strength of Lucalox is both temperature

and grain size dependent. At 1600"C, an increase in grain size leads to a

decrease in strength; this behavior is expected to occur from previous

studies of the strength of polycrystalline solids. This trend is maintained

by the 0. 1-mm and 0.03-mm specimens up to 1900"C but not by the 0. 005 mm

spec:mens whose strength at this temperature falls below that of coarser

grained material. Furthermore, the temperature dependence of strength

for the 0. 1-mm and 0.03-mm specimens is gradual while the loss of strength

of the 0. 005-mm material in this temperature range is quite precipitous.
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Table 4-IV

COMPRESSION TEST DATA FOR LUCALOX IN THE

TEMPERATURE RANGE 1600 - 19000C

Test Grain d'11/ Yield Fracture Percent
Temperature, Size, d -1/2 Strength, Strength, Strain in

(*C) (mm) (mm I (psij (0si) Compression*

1600 0.005 14.3 .... 39,910 ""
1600 0.005 14.3 .... 41,910 --

1600 0.03 5.78 .--- 39,270 --

1600 0.03 5.78 .... 35,270 --

1600 0.03 5.78 .... 35,630 --

1600 0.1 3 1i1 6  23,000 --

1600 0.1 3.16 .... 21,180 --

1700 0.005 14.3 17,636 ... 8.,9
1800 0.005 14.3 12,730 .... 16.2
1900 0.005 14.3 6,364 11.. 9
1900 0.005 14.3 5,818 .... 20.4
1900 0.005 14.3 4,000 ---- 35.6
1900 0.03 5.78 ---- 22,636
1900 0.1 3.16 .... 17,364 --

1900 0.1 3.16 -- '- 14,545 --

Does not represent ductility at fracture but the amount of compression the
specimen received before the test was stopped.
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Fig . 4-10 PHoTOMICKOGRAPHOF lM O SPECIMEN
FRACTURED AT 1400 C X960

(Note profuse intetgra"ilat cratklitl)

7-
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Fig. 4-11 PROTOMICROGRAPH ()F MSO SPECIMEN
FRACTURED AT 1600 C XZSO

(Failure confined to intergranular cracking.
There are indications that grains have
undergone some plastic flow.)
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This evidence clearly suggests that the mechanical behavior of the 0. 005-mm

specimens is significantly different from the other grain size materials

tested. The reason for theme differences is not clear, although the presence

of an appreciable amount of pnirosity in the finest grain size specimens might

partly account for the observed behavior.

"At all temt temmperatures, the 0. 1-mm and 0. 3-mm specimens were

completely brittle, while the 0. 005-mm material did exhibit apparent duc-

tility at 18001C and above. This si demonstrated by the autographic records

in Fig. 4-13 and the photographs of deformed specimens in Fig. 4-14 through

4-16. The load-compression curves suggest that at 1800"C and above the

fine grained specimens first yielded and then plastically deformed in a man-

ner similar to a ductile metal. However, as in the case of polycrystalline

MgO, the true nature of this yield effect is not known. Two possibilities

exist:

(1) Yielding was associated with the onset of gross plastic deforma-

tion within the bulk of the specimen as in the case of a ductile

metal.

(2) Yielding represented the commencement of extensive grain bound-

ary sliding resulting from the fact that ,*t these temperatures the

grain boundaries represent regions of weakness rather than

strength. As a result of the sliding process, microcracks formed

at the grain boundaries which, with increasing strain developed in-

to intergranular fissures. Thus the stress at which yielding oc-

curred probably represents the stress at which profuse intergranu-

lor cracking was initiated.

The experimental evidence tends to support the latter possibility.

Metallographic examination of specimens deformed at 1900"C indicated

that although the extent of deformation was not uniform (Fig. 4-17), ex-

tensive intergranular cavitation had developed in the heavily strained areas

as shown in Fig. 4-18. In those regions restrained from flowing, i.e. ad-

jacent to the compression rams, the microstructure showed little change

(Fig. 4-19). In addition, there was no evidence of any change in grain
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-7-9

Fig. 4-14 LUCALOX SPECIMENS BEFORE AND AFVR TESTING
UNDER COMPRESSIVE LOADING AT 1600 C
Grain Big * 0, 005 mm

I 3

Fig. 4-15 LUCALOX SPECIMENS BEFORE AND AFTER TESTING
UNDER COMPRESSIVE LOADING AT 1700 C
Grain Size = 0.005 mm
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Fig. 4-16 LUCALOX SPECIMENS BEFORE AND AFTER
TESTING UNDER COMPRESSIVE LOADING AT
1900 C Grain Size 0. 005

Fig. 4-17 CROSS SECTION OF GRAIN SIZE %.O005 man
LUCALOX COMPRESSED AT 1900 C X4

Compression axis vertical. Note non-uniform
*train pattern,
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to 0

Fig. 4-18 PHOTOMICROGRAPH OF LUCALOX SPECIMEN
(Grain suze 0. 005 mm) COMPRESSION TESTED
AT 1900 C
(Note extensive intergranular flssuring accompany-
ing deformation.)

A%

Fig. 4-19 PHOTOMICROGRAPH OF ZONE NEAR COM-
PRESSION PLATENS IN LUCALOX SPECIMEN
(Grain s !e 0. 005 rmm) COMPRESSED TESTED
AT 1900 C X250

(Note absnce of fissuring in this constrained zone. )
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shape as a result of compression, which suggests that the grains did not

undergo any appreciable plastic strain. It was concluded, therefore, that

the deformation process and the observed ductility were associated with

grain boundary sliding and intergranular fissuring similar to that observed

in creep processes, rathe' than any gross deformation of the individual

grains.

Examination of specimens exhibiting completely brittle behavior

indicated that failure was due entirely to intercrystalline cracking.

The fracture stress data obtained at 1600,C and 19000C has been

subjected to a Petch-style analysis, and as indicated in Fig. 4.,20, a linear

relationship between the three grain size levels is not obtained. This, in

some respects, is not surprising since the O. 005-mm material contains

porosity Ad, as discussed, seems to be behaving quite differently from

the other Lucalox specimens. At 19006C, the fracture stress values plotted

for the fine-grained material are probablynot true values since deformation

may be taking place by an entirely different mechanism at this temperature

than that operative at 16000C. The data is, therefore, inconclusive and

some further tests at other grain size levels are required before the appli-

cability of the Petch equation to Lucalox can be established.

It should be mentioned, in passing, that the Petch-type dependence

of strength on grain size presupposes that the failure mechanism remains

the same for the materials, which is patently not the case for th6 5-,A.

grain Lucalox. Therefore, future work will also inquire into the grain

size at which the failure mechanism changes from rigid cracking to inter-

granular fissuring by grain boundary sliding, and the variation of this

critical grain size with testing temperature.

5. CONCLUSIONS

The present investiSation has led to the following conclusions:

A. The fracture strengths in uniaxial compression of both poly-

crystalline MgO and Lucalox of high density show a marked

temperature dependence in the range 900 - 16000C and 1600 -

19000 respectively. This variation in strength is also ac-

companied by a change in the mode of fracture which showed

a similar trend in both oxides.
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B. The fracture strength of Lucalox, in general, increased

with decreasing grain size, However, the fine grain ma-

terial (0. 005-mm grain size) did deviate from this behavior

above 16000C. This was attributed, in part at least, to the

presence of porosity in this material.

C. A Petch-type analysis of the fracture stress (4r) - grain

size, d, data obtained at 1600"C and 1900"C pro,;ed incon-

clusive because of the anomolous behavior of the fine-grained

specimens and the absence of further Vr - d data.

D. There was evidence of apparent ductility in both MgO at 1600"C
and Lucalox at 19001C. However, in the case of Lucalox, the

ductility was traceable to a grain boundary sliding mechanism

rather than gross plastic deformation of the bulk material.

In polycrystalline MgO this mechanism may also have been

operative although metallographic evidence did suggest that

some true plastic deformation of the grains may also have

occurred. It appears, therefore, that the possibility of ob-

taining true ductility is greater in polycrystalline MgO than

Lucalox. This conclusion might reflect basic differences in
the slip mechanisms and the crystallographic structures of

these oxides.

E. At 16000C, the fracture strength of Lucalox is approximately

twice that of polycrystalline MSO of the same grain size.
Lucalox is also considerably more brittle than MgO at this
temperature.

F. Metallographic examination of fractured specimens of both
MgO and Lucalox indicated that failure always occurred by

intergranular fracture.

G. A hot-pro-hsing technique was developed for producing ultra-
high density polycrystalline MgO.
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TASK S - INTERNAL FRACTION MEASUREMENTS OF CERAMIC

MATERIALS

Principal Investigator: P. D. Southgate
Armour Research Foundation

ABSTRACT

The purpose of this program is to study the internal friction of
ceramic materials, and to relate observed damping behavior to the
pinning stresses and mobility of dislocations characterising the mater-
ials studied. A highly refined experimental equipment has been con-
structed, which al!ows for accurate determinations of the internal
friction in carefully supported specimens vibrating as free-free
beams.

Experimental work to date has been confined to MgO single
crystals. It was found that the amplitudo independent component of
dislocation damping is largely independent of temperature up to 500 0 C,
in contrast to some theoretical predictions. Furthermore, the behavior
of the amplitude dependent component also contradicts the predictions
of the Granato-Lucke theory.

Annealing of dislocation damping occurs with increasing speed
above 400 0 C and is a function of specimen purity. Complexes consis-
ting of trivalent impurity-vacancy pairs exhibit a relaxation peak at
Z300C (for 45 kc/s), at an activation energy of 0. 63 + 0. 02 eV. These
complexes are created by a short anneal at above lOObOC; a lower
temperature anneal causes them to dissociate until an aquilibrium
concentration is reached.
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TASK 5 - INTERNAL FRICTION MEASUREMENTS 01

CERAMIC MATERIALS

1. INTRODUCTION

Internal friction and the hardness of a material are two clo-
sely related quantities, the softer materials nearly always having

the higher ihternal friction. The reason for this in straightforward:
the mechanism inhibiting crack propagation, that of damping out of

propagation energy by mobile dislocations, is exactly the same as

that producing dynamic internal friction. Thus, a detailed study of
internal friction mechanisms should give information on the way in

which crack energy is dissipated, which may not be readily obtained
from observations of crack propagation a* such. In addition, the

dynamic properties of other crystal imperfections govern hardening
processes as well as participating in some dislocation damping

mechanisms, and hence will be likely to affect the fracture mechan-

ism of the material. Internal friction data may be analyzed to give

values of several parameters associated with the motion of such

imperfections, notably the activation energies.

Accordingly, the principal goal of research on this Task is to
determine the nature of internal friction of ceramic oxides as in-

fluenced by temperature, surface treatment and the density of pre-

existing dislocations in the material. These results are then to be
compared to existing theories or hypotheses, in order to relate the
observed damping behavior with the mechanisms that can account for

the mobilization of dislocations in the host lattice.

The investigation described here was conducted on single cry-
stals of MgO of commercial origin, dislocations having been intro-

duced into the specimens by room-temperature deformation. As was

anticipated in the original proposal, the major portion of the period was

spent in constructing the apparatus for internal friction measurements,
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which is described in detail in Section I below. The results that

follow are, at this time, limited in extent; it has not yet been possi-

ble to give a, complete interpretation of the observed phenomena al-

though some aspects of the experimental results obtained are fairly

well understood.

Discussion of the theory of brittle fracture by Petch ( 5 1) poo -

tulates that, at least in metals, the criterion for crack propagation

is that the damping force on an unlocked dislocation be less than the

surface energy of crack formation, multiplied by a certain propor-

tionality constant which depends on the length of the relevant slip

plane and the elastic constants of the material. It is further assumed

that the surface energy contains a term which depends on the stress

required to unlock a dislocation from the pinning points, usually vis-

ualized as individual impurity atoms. If the type of fracture is to be

temperature dependent, one would anticipate that dislocation damping,

or unlocking, or both are likewise temperature-dependent quantities.

Internal friction measurements give data on both damping and

unlocking. It is interesting to note that results to be presented here

show very little temperature variation of either dislocation damping

or unlocking, at least between room temperature and th'e range in

which impurity precipitation occurs. For as-grown crystals, the ob-

servations are consistent with the concept that dislocations, as re-

vealed by etch-pits, are not mobile at all. Recent electron micro-

graphs ( 3 " 2 confirm this by showing the strong ball-and-chain type

precipitation around such dislocations. Dislocations introduced from

the surface during deformation, however. do remain mobile, and it

is these which have been studied.

Measurements have been made in the range from 8 to 50 kc/s

and from 30 to 1350 0 C. The maximum logarithmic decrement A

measurable was of the order 10 3 , and the background damping from

the support wires a few times 10"6. Small changes of resonant fre-

quency, and internal friction alone was studied. The temperature
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variation of A has been analyzed in terms of three processes:
amplitude independent dislocation damping, amplitude dependent

damping ascribed to dislocation break-away, and a damping resulting

from relaxation of associated vacancy-impurity pairs. In each case,

the data raise Important questions which cannot as yet be answered.

2. INTERNAL FRICTION APPARATUS

A. General Description

The materials which are to be measured have, at least at low

temperatures, extremely low values of internal friction. Thisfact

limits considerably the number of possible methods of measuring

internal friction, since, in any system utilizing direct mechanical

coupling between a transducer and the specimen, the damping of the

transducer would probably mask that of the specimen. The electro-

statically coupled system first devised by Bordonl ( 5 - 3 ) avoids this

difficulty. For conducting specimens, a plate in placed a small

distance from the specimen, and the drive potential (at the specimen

resonant frequency) Is applied between the plate and the specimen.

If the mechanical drive is to be of the same frequency as the applied

electrical signal, it is necessary also to apply a biasing voltage some-

what greater than the applied voltage. In addition, motion of the

specimen will change the capacitance of the gap; hence, if this is

made part of a high-frequency tuned circuit connected to an oscillator

(36 mc/s in our case), a frequency modulated output proportional to

the specimen displacement will be obtained.

Electrostative drive forces, for conducting specimens, arise

directly from the uniform field between the specimen and the drive

plate. In the case of a dielectric specimen, a uniform field produced

by this arrangement would yield no attractive force, and an Inhomo-

geneous field is required. This is produced by the grid shown in
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Fig, S-1. Two sets of bars are connected alternatively to wires

across which the drive is applied. Near the surface of the grid, the

field is very inhomogeneous and a dielectric specimen wil be at-

tracted toward it; the system works like a magnetic chuck as used on

milling machines. Similarly, motion of the dielectric towards or

away from the grid surface will change the capacitance between the

two sets of bars. An approximate theory of the magnitude of the ef-

fect is given in Section 1E.

There are several ways of obtaining values for internal friction.

The most desirable, giving an instantaneous meter-reading value, is

to compare drive power with the oscillation amplitude which is excited.

Unfortunately, this is not applicable to electrostatic drive systems

since the drive efficiency cannot be determined accurately. The

resonance width can be used to determine 0 &aid this method has the

advantage that each measurement is carried out at a fixed amplitude;

however, it is susceptible to drift. The method chosern is that of

plotting the free decay curve of the specimen. The output from the

36 mc/s oscillator is amplified and fed into a discriminator. After

further amplification and mixing with a local oscillator the signal

emerges at 2 kc/s with the decay envelope of the specimen oscillation.

The signal is finally displayed on a logarithmic recorder, so that an

exponential decay envelope appears as a straight line. Deviations

from the exponential form, representing changes of internal friction

with amplitude, can thus be readily detected.

A block diagram of the whole system is shown in Fig. 5-2.

The drive generator is required to be of high stability so that the

frequency may be held on the narrow specimen resonance, and so

it consists of a main oscillator locked into a high-stability frequency

meter oscillator. An oscilloscope displays the Lissajous figure of

drive signal vs. specimen oscillation signal (before mixing) thus af-

fording a sensitive means of detecting resonance.
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Fig. 5- 1 PHOTOGRAPH Or DETECTD1O OIL)
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A general view of Ithe apparatus is shown in Fig. 5-3. The

najority of the zlectronic circuits are contained in the rack at the

left. The X-Y oxcilloscope and the logarithmic recorder are on the

bench. Further to the right appears the part of the apparatus con-

taining the furnace, vacuum system, specimen and detecting oscilla-

tor ( "the cart"), while the furnace supply rack is to the extreme

right. The furnace is suspended by anti-vibration mountm; connec-

tion to the all-metal vacuum system is made via a flexible bellows

tube.

B. Unit 1: Furnace and Specimen Support

The furnace is required to work in a vacuum, to reach tem-

peratures in excess of 1500 0 C, and to have a very short time constant

to facilitate quenching experiments. A molybdenum tube furnace will

satisfy such requirements. The construction is seen in section in

Fig. 5-4. The furroace body, which acts as the vacuum envelope, is

highly polished on the inside to reflect heat and is surrounded by a

water jacket. Further thermal insulation is provided by a thin cylin-

drical thermal shield within the body, which also helps keep the

polished surface free of evaporated impurities. The heating tube

consists of a 0. 002-in. molybdenum foil wrapped into a tube and

clamped by end-rings, being held in tension by the spring and bel-

lows arrangement in the furnace top cap. Potential is applied be-

tween the top cap and the body, an interposed 0- ring acting both as

vacuum seal and electrical insulation. With an input of 7.5 v, 240 A,

a temperature cf 14000C is attained.

The specimen is shown in Fig. 5-4 supported so that it is ex-

cited into flexural oscillation. The grid is held close to the center

section of the side, and the specimen supported by two fine tungsten

wires passing through holes drilled through the nodal points. Screw

adjustments on the base-plate hold the wires in tension across the
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top of a squarersection tantalurn tube. For conducting specimens,

the tantalum tube is replaced by an insulating one of silica or alu-

mina so that the specimen may be used as one drive electrode. The

ceramic support for the grid passes up the center of this tube, and

a micrometer screw and lateral adjustments beneath tho base-plate

allow setting-up and calibration adjustment of the grid-specimen gap

to be made.

Fabrication of the grid is a matter requiring some care. Moly-

bdenum wires 0.01-in. in diameter are laid parallel, being separated

by 0. 00S-in. diameter wire. Alternate wires are then spot-welded to

either of two pairs of tantalum cross-bars, and the ends of the grid

wires cut off. After bending so that the two sets of cross-bars are

not in contact with the wires, the grid is spot-welded to wires fixed

into the end of the ceramic support rod. The assembly is then set in

wax, leaving the face exposed so that it can be polished flat to remove

slight distortions. Finally, the wax is melted away.

C. Electronic Circuits

Unit 2: DiscrimAnator Amplifier

The circuit is shown in Fig. 5-5. The 36-mc/s input enters at

a level of about 1 volt, is amplified by the 6AKS tube and is fed di-

rectly into the Foster-Seeley discriminator circuit in the tube anode

circuit. The discriminator out-put is filtered (560A . , 4 7,/,. . F)

and travels via SW 1/2, shorted, to the first amplifier tube. The

meter in the cathode measured the d-c component of discriminator out-

put, corresponding to the center frequency of the input signal. After

filtering of low frequency components, the signal passes to a mixer

6AU6 tube, which has a large additional signal, 2 kc/s higher than the

amplified signal, applied to the cathode through SK 3/2. The anode

circuit has variable band-width centered on 2 kc/s. The subsequent

amplifier has more filtering to remove the local oscillator signal and
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Fig. S-5 DISCRIMINATOR AND AMPLIFIER

- 211 -



36 mc/s leakage. Alternately, SW 4/2 allow the ampifier to be

used for a straight I to 10 kc/s amplification, since it would not be

possible to filter out local oscillator signal well enough below 10 kc/s.

The final output to the recorder is from a cathode follower.

The discriminator response curve as indicated by the meter for

an RF input of 1 volt is shown in Fig. 5-6. The linear portion extends

over 1. 2 rnc/s showing that the maximum frequency of mechanical

oscillation that can be measured accurately using thm d-c calibration

is 600 kc/s. Undistorted decay curves will be obtal id for higher

frequencies, however. The overall gain of the lower frequency ampli-

fiew-mixer circuit from the grid of the first 6CB6 to the output is

1. 3 x 104; the equivalent input voltage corresponding to noise and

local oscillator break-through is 3,i. V at 50 kc/s. The amplifier

gain can be checked by the calibrating networks on SW 1/2, SW 2/2

using a monitored signal of the drive frequency from Unit 3. Chang-

ing the switch to the calibrating positions puts a filter circuit in

which removes the a-c component of discriminator output while re-

taining the d-c bias so that the amplifier gain does not change.

Unit 3: Drive Amplifier

The circuit is shown in Fig. 5-7. The input, varying from 5 to

ZOO kc/s at a level of approximately 1 volt passes through one stage of

untuned amplification before the final inductively loaded power stage.

The tuning is broad and various bands are selected by SW 1/3. A max-

imum output voltage of 180 v rms can be obtained from the circuit: a

voltage divider gives a small monitored output for Unit 2.

Unit 4: High Stability Generators

Two generators are reqtired: one for the drive oscillator and

the other for the mixing oscillator. The circuit of each generator is

shown in Fig. 5-8. It is a modified frequency meter: government type
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BC221. The modification, in the anode of the VT 167 tube, allows

the primary oscillator frequency rather than the beat frequency to

be amplified, although the beat output is still retained for checking

the variable oscillator frequency against the standardizing crystal.

It is the short-term stability of this generator that is important.

Beating the output against a crystal oscillator showed that the short-

term stability at 120 kc/s was of the order 0. 03 c/s, and that the

drift over 10 minutes was less than 3 c/s. A 10-v change of the H. T.,

moved the frequency by 3 c/s. These shifts are sufficiently low for

the purposes of these experiments. The generators are mounted on

flexible supports to reduce frequency shift due to vibration or frame

distortion.

Unit 5: Frequency Dividers

The frequency meters give a signal from 120 to 290 kc/s, and

the range to be covered is 5 to ZOO kc/s. Hence, frequency division

is needed. The circuit is shown in Fig. 5-9; there is one such cir-

cuit for either generator. Two blocking oscillators are used. The

first is triggered by the incoming sine wave from the frequency

meters and w nverts the signal to a pulse train of the same frequency.

The second is free running and locks into a submultiple of the input.

Note that the connection is such that the second blocking oscillator is
triggered not by the initial rise of the first but by the ringing return,
the first transformer being slightly underdamped. This arrangement
was found to be the most stable. Care has to be taken to set the free
sunning frequency fairly close to a submultiple of the master oscillator
frequency or irregular triggering will result. The triangular wave out-
put from the grid was found to be most convenient for triggering the fol-
lowing oscillators.

Units 6 and 7: Locked Oscillators
Hewlett-Packard oscillators Type 200 OR are employed here.

One is fed into the mixer circuit, SK 3/2 al unit 2, and the other to
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the final drive output SK 1/3 of unit 3. The oscillators use a Wein

bridge circuit which is not intrinsically very frequency-stable, but

which can be readily locked to the output from unit 5 by a 3 s/i. F

capacitor connected to the grid of the first oscillator tube. Complete

locking was obtained for ±2 percent of dial setting.

Unit 8: Recorder

Checks on several commercially available logarithmic recorders

showed the Bruel and Kjaer Type Z305 to be the fastest and most reli-

able, The maximum writing speed is 1000 db/secl; if one then takes

300 db/sec as being measurable, this limits the maximum log, decre-

ment that can be measured to 5 x 10' 3 at 10 kc/s and 5 x l0 4 at 100

kc/s. However, at these'relatively high damping values, resonance-

width messurements become sufficiently accurate to use, replacing

decay-time measurements.

Unit 9: Cart and Detector Circuits

The cart circuits, shown in Fig. 5-10, consist of a-c supplies

to the pumps and vacuum gauge, together with a waterpressure

actuated switch to protect the furnace and diffusion pump.

The detector circuit is shown in Fig. 5-11. The 36 mc/s oscil-

lator is loosely coupled to minimize fluctuations in frequency which

are due to the tube, and has a small extra tuning capacitor in addition

to that formed by the grid and leads. A cathode follower stage feeds

the twin shielded lead to the discriminator-amplifier with a signal of

about 1-v amplitude.

Unit 11: Furnace Control

This consists of a West Instrument 'Gardsman" furnace supply

unit. A saturable core reactor is controlled by a thermocouple in

the furnace. The furnace is fed from these circuits through a step-

dovn transformer: Jefferson type 248-171.
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Unit 12: VacLum Gauge and Power Unit

A relatively simple (Veeco type DG-2) Philips vacuum gauge

is being used to determine pressure levels in the test enclosure.

The power units are standard commercial units giving stabil-

ized supplies of the following values: 250 v, 160mA; 180 v, 45 mA,

ZOO v to 600 v, I rrLA; and also 6. 3-v heater supplies.

Unit 16: Plug Interchange

Figures 5-l i and 5-1Z show this unit. It contains a switch
which simultaneously cuts off the drive generator amplifier and

the bias supplies, thus removing any interference which might
otherwise octur in the recording of the specimen decay-curve.

Capacitors can also be switched to slow down the shut-off rate
of the bias voltage. This arrangement is needed since for some

types of specimen mounting a rapid shut-off was found to produce

bouncing of the specimen, with a consequent modulation of the
decay curve. A further switch allows monitoring of either the

specimen resonance or the frequency divider circuits.

D. Operation of System

To obtain reliable results, it is necessary to reduce the
noise to the lowest level and, for the higher values of damping,
to have a sufficient broad pass band. The narrowest band gives
the greatest noise reduction, although its use would cause con-

siderable error for logarithmic decrements greater than, say,

10.4 at 100 kc/s, It is also convenient to use broader bands if the

specimen temperature drift is at all rapid, mince otherwise the
consequent change of frequency during decay can produce an ef-

fective change of amplifier gain.
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Fig. 5-13 shows the overall detector curve: Unit 2 meter

reading plotted against gap width as read on the micrometer. At

a Sap width of 0. 1 mm, the sensitivity is 5 microvolts per Ang-

strom. For a gap utilizing a plate and conducting specimen, the

sensitivity is about ten times as great. Determination of absolute

vibration amplitudes of a heated specimen is not easy, however,

since relative movement of the grid wires can change the capaci-

tance and hence produce an uncertainty in the gap width. It is pro-

posed in the future to install a calibrating system.

It has been found necessary to support the specimen by wires

passing through holes, to reduce the extraneous damping to a suf-

ficient low value, Four-wire suspension, with the wires gripping

either side, was found to be unsuitable. Even with the present

system, occasional high values of damping are attributable to wire

friction, probably occurring as the wire slips during heating. The

background friction, however, with a specimen 20 x 4 x 2 mm, is

only about 10"6.

E. Grid Capacitance Change

An analytic form for the capacitance between the sets of grid

wires for arbitrary spacing of the dielectric medium would be ex-
ceedingly complicated to compute. The argument that follows

gives a value for the sensitivity of the system at a spacing which

would represent a reasonable working point.

Smythe( 5 - 4 )- obtained an equation, derived by a conformal trans-

formation method, for the capacity in the fringing field between two

sets of bars of width a and spacing g ; this is given by

n- [ n 44w - 1

04 ( + L
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where t is the capacitance of free space, w is the breadth of0
the grid, and n is the number of gaps,

If we now assume that this fringing field is contined to the re-

gion above the grid plane, and that insertion of a medium of dielec-

tric constant, K, in the region does not change the flux distribution

below the plane, then the change in capacitance due to the medium

will, be

d C = (K- 1) C (5-2)

If the medium i wtoved away, it can safely be assumed that at
a distance eqUrl to the gap, g, the extra capacity due to the medium

will be a fraction of SC, less than, say, one half. Thus, at some

point between this spacing and contact, dC/dy will assume the value

6C/g. This point will represent a useful working point.

Inserting values of

w 5x10 "3 m

K 10

a 5g

n - 10
g = 0 - 4 m

into Eq. 5-1, solving for 6 C, and setting JC = g dq/dy, one

obtains from Eq. 5-2,

(dC- 1.3x10 7 Fm'

and

d-= -C f - 25 cycles per Angstrom displacement.
-y
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3. PREPARATION OF SPECIMENS

Single crystals of MgO used in this study were obtained either

from the Norton Company or from Semi-Elements, Inc., with max-

imum dimensions of the order of one inch. These crystals were

cleaved or cut into several parallel specimens. Each specinen is

identified by a number containing four digits; the first three digits

represent the parent crystal and the last, the specimen itself,

Table 5-I gives a spectrochemical analysis for four pieces, 102,

105, and 107 from Norton, and 108 from Semi-Elements. Number

111, mentioned later,! also was obtained from Semi-Elements. In

some cases, a very slight milkiness or yellow coloration of the

crystal was visible.

Table 5-I

SPECTROCHEMICAL ANALYSIS 01 SINGLE CRYSTAL

MgO SPECIMENS

pecimen - Impurity, (ppm)

Al Ca Cr Cu Fe Mn Si
102 1000 600 100 2 600 40 10

105 600 1500 60 2 600 30 5

107 200 1500 60 2 600 40 5

108 200 200 80 2 400 30 5

Two types of specimen shape were used: a beam and a tuning-

fork shape. These are shown in Fig. 5-14. The beam specimens

were about 2-cm long, 4-mm wide, and were cleaved into sections

1. 5 to 3 mm thick. They were used in the fundamental flexural

mode of oscillation supported through 0. 01-in. holes drilled ultra-

sonically through at the nodes (0. 2241 from the end). The funda-

mental natural frequency of these varied between 20 and 50 kc/s, as

obtained from the Rayleigh formula (valid for shallow beams):

f i.. . f E d (5-2)

- z26 -



I,

Eo EEAM

(b) TUNING FORK

Fig. 5-14 SHAPES OF SPECIMENS

- 127 -



The tuning-fork specimen was also about 2-cm long, and was cut

to shape with a diamond wheel. Since it effectively consists of a

pair of bars in fixed-free vibration, a much lower frequency can be

obtained for a bar of given thickness. However, support difficulties

are much greater; not only is the support weak due to the one-sided

arrangement (allowing an exaggerated bouncing of the bar to occur),

but the stem of the fork is not a true node. Hence, losses along the

mounting wiras are much greater than in the case of a straight bar4

Dislocations were int"oduiced by bending at room temperature,

using the method of Stokes (5" ). Bars were teaved slightly over-

sie, etched for 4 min in boiling orthophosphoric acid, being sus-

pended by light end-clamps, and then washed immediately in boiling

water. After sprinkling with 200-mesh silicon carbide, the bare

were bent through an angle of several degrees (judged by eye) in a

3-point device which applied a constant load (lever, bucket and lead

shot). Upon removal of the specimen the bend angle measured, and

the procedure repeated to bend the specimen straight again. Yield

stresses were quite consistent for all samples. Figure 5-15 shows

i plot of applied moment versus beam thickness; the variation is,

as expected, close to the square of the thickness.

Immediately prior to mounting in the apparatus, specimens

were etched for about I hour in HCl + NH4 C1. This is a slow, non-

polishing etch, employed so that any small cracks, say around the

support holes, would be opened up until the sides did not touch dur-

ing specimen oscillation. Thus, excess damping due to the cracks

would be eliminated without removing too much material. In addi-

tion, etch-pits on the deformed crystals revealed the slip line pat-

tern, although the pits were usually too closely spaced to show the

individual dislocations.
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4. EXPERIMZNTAL RESULTS AND DISCUSSION

A. Amplitude Independent Dislocation Damping

In general, the internal friction was found to be a function of

amplitude of oscillation, increasing at the higher amplitudes.

Figure 5-16 shows a typical curve. It is here tentatively assumed

that this curve is composed of two more or less independent com-

ponents; an amplitude independent part, A I; and an amplitude-

dependent component, AH' which becomes effective above a cer-

tain amplitude. Thus,

A- A 1 + AH (5-3)

Delta1 is associated here with dislocation relaxation; A H' which

will be discussed in the following section is identified with break-

away.

Amplitude independent dislocation damping in deformed metals

and semi-conductors usually shows a strong temperattire dependence.
At tow temperatures, the Bordoni peak( 5 " ' , appears, due to

thermal excitation across the Peierls force barrier, while at higher

temperatures there is a rapid rise of damping( 5" 8 ' 59). Reports

on dislocation damping are not very numerous in ionic materials.

Work in NaCI at room temperature(5-10, 5-11) has shown that the

Granato-Lucke ( 5 -1 2 ) theory succeisfully explains the annealing of

dislocation damping by condensation of vacancies produced by plas-

tic deformation or X-irradiation. At lower temperatures, results

in other alkali halides ( 5 -13 , 5-14) have shown the importance of

electronic and ionization processes in pinning dislocations. Except

in the rather limited relaxation region, the temperature dependence

of damping below room temperature was found to be small. A de-

tailed investigation of the temperature dependence of damping in the

alkali halides above room temperature has, however, yet to be made.
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Results to date on MgO are interesting in that the temperature de-

pendence of dislocation damping appears to be rather small. Typ-

ical curves are shown in Fig. 5-17 and 5-18, presenting sequential

dislocation damping measurements taken during warm-up, anneal,

and cogling for three specimens. The amplitude independent AI
is shown. It is evident that the curve shape is repeatable, varying

only in a factor of proportionality for different anneals and original

deformations. Above 400 0 C, annealing occurs too rapidly to allow

accurate determination of the curve.

The Granato-Lucke theory of dislocation relaxation sets up the

equation of motion for the dislocation as

A + B c= b , (5-4)

ty _t

being the dislocation displacement at y along its length, b the

Burgers vector and er the applied stress. B is a damping constant,

and its temperature independence determines the variation of inter-

nal friction with temperature. Either the Seeger or the Weert-

man ( S"8 ) mechanisms of damping, however, give too rapid a temper-
ature varimtion to fit the experimental curves. httempts have been

made to broaden the peaks produced by these mechanisms until a

better fit is produced; however, it appears that unreasonably large

variations of dislocation behavior within a given specimen are re-
quired to account for the curve in this manner. This situation points

gut the need to develop a new theoretical mechanism giving a temper-

ature-independent B in ionic crystals. This line will be pursued

in future work.

The kinetics of annealing also present an unsolved problem. It

was hoped to extract an activation energy for the process by compar-
ing anneal rates at different temperatures for similar crystals.

Figure 5-19 shows the decremental damping as a function of annealing
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time for four specinens. Examination of the curves reveals that,

it vacancy or impurity condensation is occurring, more than one

process must be involved in the anneal, since an increase of tern1 5 9 )

perature for a single process would shift the curve only to the left

the observed increase of slope Ion this log-log plot) between specimens

II15' at 4000 and 1113 at 5000 would not be produced. On the other

hand, it Is possible that dislocation recombination or interaction of

some kind is occurring. In this case, the somewhat higher disloca-

tion density of 1113 (deformed through twice the angle of 1115) might

account for the higher slope. However, the slope of 1074 is almost

as high as that of 1113 although it was annealed well below 5000 C,

and was bent through only 1. 2 . Obviously more data are required.

It should be noted that the curves can in no way be fitted to the for-

mula of Granato( 5 1 0 )

const. (1 -A J/ (5-5)

since a plot of A / 4 vs. t2 / 3 deviates markedly from the linear

for both 1113 and illS.

Further anneal at 7500 C caused a drop in AI of the No rton

crystal down to much the same values seen .n the undeformed cry-

stal, Figure 5-20 shows a comparison of the two crystals over the

rang3 100 0 C to 600 0 C. A similar anneal in one of the purer Semi-

Elements crystals, however, did not reduce & I to the same low

value. This indicated that impurity precipitation on dislocations is a

likely mechanism producing the locking. Because of insufficient

measurements, the kinetics of this precipitation cannot be evaluated

at present,

B Amplitude Dependent Dislocation Damping

Nearly all measurements show some amplitude dependence of

Although it is present in undeformed specimens, its enhance-

ment by plastic deformation indicates that it is almost certainl pro-

duced by dislocations. According to the Granato-Lucke theory( S 'l )
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log ( H C) should be proportional to 1/9 , where C. is the

strain amplitude. Figure 5-21 shows a plot for the amplitude do-
pendenceof damping, taken at different stages of anneal. Over
three decades of, .'H are covered, and nowhere does a linear

portion of the plot appear. This is contrary to reports on NaC1

(5-11, 5-12), although a smaller range of amplitude was covered

in the latter, possibly concealing the nonlinearity. The lack of

fit of the Mg0 data to the formula makes it difficult to interpret,

or even present, annealing data on dislocation break-away in a

systematic fashion.

In the Norton specimens, annealing above 600 0 C removed am-

plitude dependence. However, it was observed that after a 5-min

anneal at 1000 0 C, amplitude dependent damping reappeared in one

specimen. It is suggested that impurity precipitates may have be-

come redispersed by the anneal, partially freeing the formerly

firmly locked dislocations.

C. Relaxation of Impurity-Vacancy Complexes'

Lidiard (5 ' 1 3 ) has discussed a form of dielectric relaxation in

alkali halides which involves reorientation of vacancy-impurity

pairs ("complexes"). Anion vacancies in an ionic lattice carry an

effective negative change,. and hence tend to become bound to posi-

tively ionized impurities. Figure 5-22 shows the situation when

the vacancy is a nearest neighbor, which can then diffuse to one of

four sites. The mechanical relaxation in MgO is similar to the die-

lectric relauation, based on the fact that a stress in E100] will

enhance the diffusional jumps shown in Fig. 5-22. The relaxation

peak produced as a function of temperature in a specimen vibrating

at 45 kc/s is shown in Fig. 5-23. The points are experimental,

while the theoretical curve has the form

+coast. W . (-6d I+T- l+ W z (5-6)

- -38-



4

Up..hmeu: *IO?4, at three diflereat
etages eE ernest

3

i

I U
B.'

0

H
N

h

0
I
6

- 239 -



Fig. 5-22 GEOMETRY OF IMPURITY VACANCY COMPLEX
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A ~ being a constant background damping and the relaxation time
being put equal to j exp (H/kT)) . From this curve we ob-

tain H= 0.62ev and Ir - 5 x 10-12 sec. The peak has also been
measured at a lower frequency in the tuning-fork specimen (Fig.
5-24) which was -cut parallel to the previous specimen. As expec-

ted, the peak is of identical height and shape, although the back-

ground damping is greater. From the shift of the peak temperature

the activation energy may also be derived using tn ('&l / .o )

W (H/k'1). A value of 0.635 ev is obtained, in satisfactory agree-
nient with the value from the peak shape. No independent estimates
of vacancy migration energy are known, however, against which to

check the values.

The peak does not attain its full height, or appear at all in some

cases, until annealing at an elevated temperature is carried out.
Five minutes at 1000 0 C was found to be adequate: indeed, the lower
limit of Annealing time requirement, although not explored during a

few somewhat limited tests, appears to be less than one minute.

This is quite consistent with diffusion, from the surface, of vacan-

cies with an activation energy of about 0. 62 ev. The reason for the
reduced peak in as-grown crystals lies in the lower temperature

anneal, during which the conplexes dissociate, Several hours are
required for this at 400°C, and during the normal process of cry-

stal growth the cooling rate is indeed this slow. Some study has
been made of the anneal characteristics; Fll. 5-25 shows a tenta-

tive anneal curve at 600 0 C. The initial A was B. 3 x 10's and the
final, 3. 4 x 10'; the linearity of the curve connecting the three in-

termediate points is not firmly established at this stage. A time

constant of about 100 min is derived, which Is longer than would be
expected from the diffusion of vacancies to the surface with an acti-

vation energy of 0. 62 ev, suggesting that some delaying process
such as charge trapping may be occurring.
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A surprising and interesting feature of the relaxation is the

value of I.. Analysis of the geometry of the relaxation, following

Lidiard, (-'3) shows that this would be expected to be 1/6 of the

attempt period for vacancy Jumps, i. e., h/6kT multiplied by an

entropy factor exp (S/k), where S a (H/E) (dE/dT). Calculation

lives a value 10 13 , significantly less than that derived from the
relaxation peak. No discrepancy appears in the value of 1'o for

dielectric rolaxation in NaCI ( 14 ) , and so one must search for
some difference between the two cases. Two such differences come

to mind. In the first place, charge compensation is not complete in

MgO as in NaCI, since the effective negative charge of a magnesium

vacancy is two while a trivalent impurity will carry only a single
excess charge. Neutralisation of the complex could be achieved

by an extra trapped hole. For trivalent chromium, the epr spec-

trum of the complex has been studied by Werts and Ausins( 5 15 ); 1

however, there was no evidence of hole trapping. In either case,

the nature of the complex will be affected by the charge disparity,
and the binding will be somewhat weakened. The second difference

is deduced from the shape of the relaxation curve, which fits a
single activation energy. This indicates that the proportion of com-

plexes would have a slightly different energy, and so distort the

shape of the relaxation peak. Further study is required to discover

the detailed nature of these differences and correlate them with the

To discrepancy.

Electron spin reanance spectra of two specimens have been
taken in an endeavor to identify the impurities responsible for the
peak. However, although there was a large difference in the heights

of the relaxation peaks, hardly any significant differences between
the spectra were visible. The spectra are dominated by the tall

(5-16)narrow lines of divalent manganese

Table 5-11 shows the concentration of the various atomic

species deduced from the epr spectra (within a factor of 3) compared
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Table 5-I

ANALYSIS FROM ESR AND OPTICAL SPECTRA

Specimen 1026 Specimen 1072

ESR Spectra

MnZ +  4 x 10 "5  4 x 10 "5

Fe 3 + (cubic field) a x 10 5  3. 2 x 10 "

Cr 3 + (cubic field) 2. 5 x 0 " 6 4 x 10 6

Cr 3 r (100 field) 6 x 10- 7  5 x 10 7

Cr 3 (110 field) 1.6 x 10- 7

Optical Spectra

Mn 4 x 10 5  4 x 0 5

Fe 6 x10' 4  6x10 4

Cr I x10"4  6x10"5

with the spectrographic analysis (+50%). Specimen 1026 showed a

2000 relaxation peak forty times the magnitude of that of 1072. It

has been assumed that all the manganese was divalent, and the con-

centration of this has been equated in epr and spectrographic analysis.

Discrepancies exist in the concentrations of both iron and chromium.

In the case of chromium, the difference may be in the divalent

chromium, and in the case of iron either in the divalent iron or the

iron in a non-cubic field, the spectrum of which was not observed.

In any case, the low concentration of chromium in the [1 10) direc-

ted field (specimen 1026) would be extremely unlikely to account for

the mechanical relaxation peak observed. Differences between the

concentrations of the species given in Table II for specimens 1026 and

1072 are, in fact, surprisingly sxiall. A further anomaly was seen,

however, in the fine structure of the Mn 2 spectrum. The ratio of

- 246 -



the strengths of the central line to the strongest satellite was 0. 95

for specimen 1026 and 2. 5 for 1072, whereas the theoretic-al ratio

is 1. 13. It in likely that the difference indicates a large concentra-

tion of some paramagnetic impurity, not observed in the epr spec-

trum due to either very large line width or location outside the range

covered.

There is a possible relationship between the annealing of com-

plexes and dislocation damping. Both annealing processes occur at

a similar rate in a similar temperature range, and it is very likely

that dislocations become pinned by the capture of v .,:ancies which

have been released from complexes. The concentration of complexes
-5may be of the order of 10- , which would give one vacancy for every

ten atom sites along a dislocation line (assuming a dislocation density

of 1010 cm-2), an adequate number to pin firmly the existing disloca-

tions. The faster dislocation pinning seen in the more impure sam-

ples may well reflect the greater rate of vacancy production. Thus,

reduction of the trivalent impurity concentration below a certain level

could starve the lattice of vacancies and thus raise the temperature at

which hardening of a deformed specimen occurred.

D. Higher Temperature Processes

Above 600 0 C, most of the damping due to dislocations introduced

by low temperature deformation has been annealed out. A further

peak is now seen near 860 0 C, as shown in Fig. 5-45 to 5-27. The-'e

is no indication as to the origin of this peak, although it seems rather

broad to fit a simple relaxation mechanism. The previous deforma-

tion of specimen 1074 may account for the slightly greater peak height

in this specimen, although the difference is very small. Heating to

1050°C has reduced the general background damping of specimen 1026,

but the peak has been affected little, if at all.

Above this peak, a further rise of & occurs, which reduces on

anneal. This is no larger in the deformed specimen than in the
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undeformed, and so cannot be due to unpinning of dis 0cations with

an accompanying Weertman-type damping. More accurate data in

required in this region.

5. CONCLUSIONS

Even though the work described here represents only the initial

phase of the investigation on internal friction of MgO crystals, the

following points have already been established as a result of research

conducted on this Task:

A. Dislocation damping, both amplitude independent and depen-

dent, can be created by deforming a specimen at room temperature.

Between room temperature and 500°C the damping depends only

slightly upon temperature. None of the existing theories of disloca-

tion damping can satisfactorily explain the lack of temperature de-

pendence.

B. Analysis of the amplitude dependent component shows that

the derailed predictions of the Granato-Lucke break-away theory are

not fulfilled.

C. Annealing of the dislocation damping occurs with increasing

speed above 40 0 °C, and is a function of specimen purity or dislocation

damping. The law of anneal differs from that previously observed for

sodium chloride,

D. Complexes consisting of trivalent impurity (iron?) vacancy

pairs give a relaxation peak at 230 0 C (45 kc/s). The activation en-

ergy is 0. 63 + 0. 02 ev. The value of the attempt frequency of relax-

ation is somewhat anomalous.

E. Complexes are created by a short anneal at above 1000 0 C,

while anneals at lower temperatures cause them to dissociate until

an equilibrium concentration is reached. It is not clea r whether

atoms or electronic processes govern the dissociation rate.
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F. A small peak appears at 860 0 C., of much the same height

in as-grown as in deformed samples. The origin is not yet known.

It is evident that more work, both experimental and theoretical,

is required before a satisfactory picture can be formed of dislocation

damping and its relation to vacancy equilibrium.
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IV. FINAL REPORTS ON SUBCONTRACT TASK PROGRAMS

TASK 6 - EFFECT OF SURFACE ENERGY ON BRITTLE BEHAVIOR

Principal Investigator: Dr, N. J. Petch
University of Durham
Newcastle upon Tyne
England

ABSTRACT

Exploratory studies were carried out to determine the surface
energy values associated with the fracture of brittle materials over a wide
temperature range. The method of using pro-cracked thin plates has been
selected as being the most reliable at moderate temperatures; the zero-
creep technique, whose application to ceramic substances appears to be
novel, will be applied at temperatures near the melting point of the mater-
ial. In addition, studies were carried out on determining the lowering of
surface energy from measurements of adsorption isotherms.

All necessary equipment required for experimental work has
been constructed. Initial exploratory studies have been made with poly.
crystalline AIZ0 3 for all of the methods investigated, These studios were
augmented by fractographic examinations, using electron micrographs of
shadowed replicas taken from surfaces of fractured polycrystalline A1 2 0 3
specimens,
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TASK 6 - EFFECT OF SURFACE ENERGY

1. INTRODUCTION

In Griffith's(6 "1 ) classical treatment of a completely brittle solid,

the criterion for crack propagation was derived from the balance between

the surface energy created and the strain energy released by the growth

process. In this way, the stream 07 for the growth of a crack of length

2c, in a solid of Young's Modulus E and surface energy ro was obtained

as

ZEo l/2
ro 

(6-1)

If the solid is not completely brittle, plastic deformation occurs

around the growing crack, but it has been supposed that the criterion for

crack propagation can again be given by the energy balance. If this tenet

is accepted, the stress required is still obtained from Eq. 6-1 except that

the surface energy term, r , now includes the plastic work associated with

a unit area of the newly formed fracture surface.

An energy balance criterion for crack growth involves the tacit

assumption that the crack is sufficiently sharp for the stress at the edge

to produce separation of the atoms when the energy criterion is fulfilled.

With cracks blunted by very easy plastic deformation this may not be so.

Thus, it seems that in the fracture of completely brittle solids the

significance of the absolute surface energy is quite clear; when some plas-

ticity is possible, the absolute surface energy in the crack growth criterion

is replaced by an effective surface energy that includes a plastic work factor.

If plastic deformation is very easy, the simple energy balance criterion for

crack growth may well break down.

Because of the uncertainties involved, the principxl aim of this re-

search is to investigate the nature of the surface energy term in fracture

mechanics, and to compare the results obtained with the predictions of

presently existing theoretical formulations. The effort, quite logically,

subdivided itself into three major phases: a review of the adaptability of
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existing or proposed experimental methods for the determination of sur-

face energy values, the determination of surface energy for various cera-

mic materials at different environmental conditions, and the comparison

of data obtained with theoretical predictions. At its present stage, the

work is concerned entirely with the absolute surface energy.

No completely reliable general method exists for the measurement

of the absolute surface energy of a solid. The methods that have been used

are summarized in Table 6-I.

Table 6-I

EXPERIMENTAL METHODS FOR

THE DETERMINATION OF SURFACE ENERGY

Methods giving absolute Methods giving relative
values of values of

Quantitative cleavage Pendulum Sclerometer
experiments

Fracture of a precracked Energy balance of
thin plate grinding

Energy balance for heat Energy balance of wear
of solution

Variation of solubility with Mutual grinding
particle size

Anator's method (90' con-
tact angle for liquid in tube)

Zero creep method

Stable cracks, eg., Roe-
sler(6 - 4 ) Kies( 6 -7),
vensson( 6-8)

Limiting velocity of cra k
propagation, e.g. Shand(- 9 )

- 254 -



In the present work, experimental approaches were confined to the

crack propagation and th, zero creep method, described in Section 4, is

necessarily applied near the melting point, but again no plastic deforms-

tion term comes into the determination. In Section 3 the effect of adsorp-

tion on the absolute surface energy is determined from measurements of

admorption isotherms and, finally, some fractography is described in Sec-

tion 5.

2. CRACK PROPAGATION METHODS

A. Hertz Cracks

Roesler(6' 4 ) has shown that stable conical-shaped cracks can be pro-
duced in glass and quartz. These are formed by pressing the flat end of a
cylindrical indentor into a plane surface of the material. The crack grows

with increase in load and also with time, but for a fixed load the size of the
crack becomes approximately constant after about' 5 minutes.

Roesler has calculated that the-surface energy will be given by:

k P2 sin o(4 7rR 3 a((-2

where P is the applied load, R is the radius of the base of the indentor

(or crack), M is the half apex angle of the conical fracture surface, 0 is
the rigidity modulus and k is a constant.

The calculation of the constant k is difficult. It is a strain energy

minimization problem involving seventeen independent components of the
displacement field. Roesler has calculated k = 7.45 x 10-3 for conical
cracks of semi-included angle sin" I 0. 9285, 1. s. s 68" 12'.

To examine Roesler's method, we have repeated some of his meas-

urements on glass. The value of s4 was verified as being 68. V + I.
Roesler measured a value of P s 1438 x 106 dynes for R • 1 cm. Equa-

tion 6w-2 yields p - 4100 ergs per sq cm. In the present work P w 1392

x 106 dynes was obtained for R = 0. 85 cm, giving ,'* a 6200 ergs per sq cm.

This is reasonable agreement with Roesler, but both results appear to be a

factor of about ten too large.
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Experiments to poduce conical cracks in polycrystalline AI 3S 3 or

higO have failed. Polycrystalline MSO blocks I in. x I in. x 3/4 in. were

loaded by an I/$ in. diameter indentor. The fracture load was 10Z ton per

sq in. at room temperature, the fracture occurring diagonally Across the

cube on an approximately plane surface. In liquid nitrogen, the fracture

was again catastrophic although there was some semblance of an initial

conical fracture surface. With A1 2 0 3 specimens of a similar mise, fracture

was also catastrophic, although there was some semblance of an initial coni-

cal fracture surface. The specimens broke into many pieces; the central

one of which was a rough triangular pyramid with its apex directly below

the point of application of the ndentor.

Because of the unlikelitiood of producing stable conical cracks in

polycrystalline MgO or A1 2 0 3 , and the debatable correctness of the existing

mathematical interpretation, it was decided to abandon this line of investi-

gation.

B. Quantitative Cleavage

The reasonable results obtained by Kuznetsov( 6 " 3 ) with relatively

crude apparatus suggested that r M1o could possibly be evaluated using

his technique. The apparatus used in the present investigation is shown

diagrammatically in Fig. 6-1.

The method is as follows. A position of the tup is found, say x,

such that cleavage of the crystal will not occur for a single impact with the

wedge, but a repetition of the process of impacting from this same tup dis-

placement three or four times will fracture the specimen.

Let us now denote the potential energy of the tup at the predetermined

displacement x as Us; this will then also be the value of kinetic energy at

impact. After impact with the cleavage wedge, the rebound distance can be

readily determined by means of photocell to within + 0. 05 mm; this, in turn,

allows for the calculation of the rebound energy U 1 . Thus, the energy U2

dissipated in the system during the impact is given by U 2 R Uo - U1 .

If one assumes that the energy UZ dissipated on impact remains con-

stant for a series of single impacts, each with the tup initially at an identical
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position x, then the difference in the rebound energies of two successive
impacts, the second of which causes cleavage, wUll be due to the formation
of the new surfaces. Thus, if two such impacts rebound with energies U1

and U11, respectively, then

2 S N U U

where S is the cross sectional area of the crystal.

It was found difficult to get sufficient sensitivity of the apparatus for
an accurate determination of I Mg0. A certain minimum energy of impact
is needed to cause cleavage. The apparatus is most sensitive if the tup re-

bounds! only a small distance, for in this part of the pendulum's arc a large
lateral displacement is equivalent to a small change in kinetic energy. How-

ever, it is difficult to regulate the energy of impact causing cleavage to con-

form with the requirement of suitably small displacements. The use of a
heavy tup does not help much in this regard, because it decreases the sonai-

tivity of the apparatus on account of the change in kinetic energy with lateral
displacement which is directly proportional to the weight of the tup.

For MSO and CaCO 3, (Fig. 6-2) we have found experimentally that the
energy U. necessary to cause cleavage varies approximately with the square

of the cross sectional area of the crystal. Assuming that U1 is a constant
fraction of UO, one can derive an expression for the sensitivity of the appara-
tus.

Let

R w length of pendulum
X u lateral rebound distance

s z cross sectional area of crystal
h a vertical height moved through for a

lateral rebound distance of

then

(6-3)

d- Ah5
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Now AL is a measure of the sensitivity of the apparatus. Since A L

RAh/e and 2S = mngAh, it follows that

= (6-4)mg

Now experimentally SZ C U 0 C U1 0C ; therefore by direct substitu-

tion in Vq. 6-4

0 1(6-5)

Thus, for maximum sensitivity, a long pendulum with a small mass

is needed, but there are practical difficulties with very long lengths and very

small masses. Also, at high impact ?elocities, the elastic waves set up can

cause cleavage cracks to run perpendicular to the plane of the cleavage wedge

and crushing of the crystal under the knife edge can occur. There are thus,

limits to the values of R and m that can be used in practice.

Measurements of the 'urface energy of calcite with our apparatus

gave 440, 535 and 820 erg per sq cm. Probably the lowest value is nearest

to the true one, because imperfections in the cleavage will increase the

apparent surface energy. These results are somewhat higher than those

reported by Gilman( 6 "2) i. e., 220-280 erg per sq cm,

The value of 440 erg per sq cm corresponded experimentally with

measuring a difference in rebound distance of only 0.8 mm. For Mso a

single result indicated tMgO = 1250 erg per sq cm; the corresponding dif-

ference in rebound distance amounted to only 0.25 mm. Because of the un-

certain accuracy and the limitations on the possibility of markedly increabing

the sensitivity of the apparatus, it was decided to alter the original experi-

mental procedure.

The technique is now being modified to allow the crystal to be par-

tially cleaved before assembly in the apparatus and thus it may be possible

to propagate the crack measurable amounts by only small impactive loads.-
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C. Precracked Thin Plates

The most promising techniqv'e is that of measuring the fracture

stress of precracked thin plates. 5x2 x 0.l-cm plates of glass and

polycrystalline A120 3 have been pulled to fracture by attaching to the

U-shaped Jig shown in Fig. 6-3.

The initial work on glass showed that the breaking stress was in-

dependent of whether the crack was formed by ultrasonic drilling or was

infinitely thin. This implies that the stress concentration at the tip of

ultrasonically drilled cracks is sufficient to satisfy the maximum tensile

strength criterion, so that the balance of net strain energy release with

surface energy is the governing fracture criterion, . ,, Griffith crack

propagation criterion,

(E 1/2
Ff r , applies.

One can thus calculate a value of I for glass from the fracture
stress of the precracked thin plates. Tests were performed with a range

of crack lengths both in water and in paraffin oil. The results are shown

in Fig. 6-4. A correction was applied to the breaking stress for the effact

of a finite plate width where necessary, as suggested by Dixon(6" 5 ).

The measured value of IZOO erg per sq cm in paraffin is near to the

true surface energy of glass in a vacuum.

As can be seen, the surface energy values obtained in water appear

dependent on the initial crack length. It seems probable that this is a static

fatigue effect. Suppose that in water a crack can start to propagate at a low

stress because of (say) adsorption. A short initial crack will then only have

to grow a small amount to reach the critical size for continued propagation

without adsorption. Thus, with a small crack, the observed fracture stress

will tend towards the value characteristic of the surface energy for the ad-

sorbed state, but with longer initial cracks, a greater amount of crack growth

would be needed for this to happen and the observed fracture stress will tend

towards the value characteristic of the true surface energy.
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The surface energies obtained for polycrystalline A1 20 3 are shown

in rig. 6-5(a). These values are generally of the right order of magnitude,

but it will be seen that there is an apparent- dependence spo. thickness of

the plate; the surface energy value decreasing as the thickness iacreases.

Figure 6-5(a) also shows that measurements in water at 20"C and

in silicone at 100 and 150"C give lower surface energy values. The influ-

ence of water in probably a static fatigue effect and this is discussed fur-

ther in Section 3. Some reduction in the surface energy with increase in

temperature can be expected, but the decrease in the silicone oil measure-

ments seems much too large to arise simply in this way.

One possible explanation of the apparent dependence of the surface

energy on plate thickness is that there are some bending stresses present

during testing. Strain-gauge measurements have now shown that this is

in fact the case; and the U Jig, which was fashioned ,tfter that used by Ber-

dennikov(6 -6 ), seems unsatisfactory. Probably in measurements on glass,

which is of much lower modulus than A12030 the effect of bending is less,

but this has not yet been checked experimentally.

The precise effect of beading on the crack propagation is not quite

certain. It can hardly be so simple thAt the maximum fiber stress becomes

all-important. It will be seen from Fig. 6-5(b) that the observed fracture

stress is approximately proportional to 1 per plate thickness x crack lengthl/A.

3. SURFACE ENERGY CHANGE IN POWDERS DUE TO ADSORBED GASES

Considerable investigation of the effect of water vapor and other at.

mospheric constituents on the fracture behavior of glass has not yet eluci- ,

dated the true mechanism of the adsorption effect. Charles(6-10) ham sug-

gested that the delayed fracture of glass is due to stress corrosion at the

tips of surface crtcks in the specimens. Since any external medium which

reacts chemically with the solid can, by d process of stress corrosion,

deepen the crack Ad thereby weaken the solid, Charles, and Moorthy and

Tooloy(6 -11), attributed the observed weakening in their glass specimens

to geometrical chtajes brought about by stress corrosion of the surfaces.
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6.

It was pointed out by Orowan(6-1 2 ) that the Griffith criterion, given

in Eq. 6-1, might not be a sufficient condition for brittle fracture. Never-

theless, in deriving the sufficient condition from evaluation of the stress

which has to be applied to break the bonds between atoms at the tip of the

crack, he obtained the expression

()1y/2
a- (6-6)

which is little different from the Griffith condition.

Earlier, Orowan(6-1 3 ) had suggested that the fracture stress can be

lowered, and delayed fracture effects introduced, by adsorption of atmos-

pheric constituents on surface Griffith crack8 in glass. This was then dem-

onstrated( 6 - 1 4 ) by cleavage experiments on mica, for which the surface

energy was reduced from 4500 erg per sq cm to 375 erg per sq cm when

tested in moist air.- Jura and Harkins( 6 "1 '5 ), meanwhile, demonstrated

how graphical integration of the isotherm for adsorption of vapor at various

pressures can be employed to calculate the lowering of surface energy by

adsorption. It was stibsequently demonstrated by Petch( 6 -1 6 ) that the actual

,ecrease in fracture stress produced by adsorption was readily obtainable 0

from the Langmuir isotherm, or by suitable integration of some other iso-

therm relevant td the adsorption process.

The surfate energy lowering is given by Gibbs' adsorption equation

dr=- rdu (6-7)

where dr is the' change in surface energy produced by a change du in the

chemical potential of the adsorbed phase and ' is the number of molecules

adsorbed per unit area.

If the adsorption takes place at temperature, T, from a gas at pressure,

p. then

dy,= G R T d (log p) (6-8) •0

where G is the number of gram-rnolecules of gas adsorbed at pressure, p,

and temperature, T.
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From the Langmuir isotherm,

G = G Ap
G=Gs I + Ap (6-9)

where G s is the number of moles adsorbed per unit area at saturation and

A is a constant.

Substitution for G in Eq. 6-8 and integration gives

ro= - Ga log (1 + Ap) (6-10)

The lowered fracture stress can then be obtained from Eq. 6-1.

Schoening( 6 -17) has pointed out that, although the Griffith-Orowan

equations indicate that the reduction of surface energy by adsorption of for-

eign molecules weakens the solid, a distinction must be made between the

reduction of o for an open surface and the reduction at the tip of a crack

where adsorption takes place in a restricted space.

Delayed fracture phenoriiena have bef observed in most non-metallic

materials,, including AI 2 0 3 , when a suitable reactive agent is present in the

atmosphere. If, however, the contaminants are removed by baking and test-

ing in high vacuum, the delayed fracture is almost entirely eliminated.

Gurney and Pearson(6-18) have clearly demonstrated that water vapor and

carbon dioxideare the main causes of delayed fracture in glass. Elimina-

tion of these'constituents, either individually or together, produces a marked

improverment in fracture behavior. Preston, Baker and Glathart(6-1 9 ) per-

formed extensive experiments on the delayed fracture of a number of glasses

and ?roposed that water vapor (perhaps modified by carbon dioxide) was pri-

marily responsible for the weakening. The effect of water vapor was further

examined by Schoening( 6 - 1 7), who suggested that the strength of glass could

be reduced by a factor of 0. 57 on account of the lowering of surface free ener-

gy alone.. The influence of gaseous adsorption on the rupture stress of glass

fibers was also exai.iined by Eischen( 6 " 2 0 ), who postulated that the degree of

reduction in breaking stress increased with the boiling point of the gas con-

cerned.
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Delayed fracture tests on sintered A1 2 0 3 under normal atmospheric

conditions, and also under high vacuum, after prior out-gassing at 350 + 10"C

for 48 hours in a vacuum of 10 - 5 torr in each instance have been carried out

by Pearson( 6 -21). His work clearly demonstrated that the delayed fracture

effect can be largely eliminated by heat-treating and testing under high

vacuum. This dependence of delayed fracture on atmospheric constituents

suggests that the lowering of fracture stress due to adsorption on A1 20 3 (and

MgO) might be calculated from a determination of adsorption isotherms for

carbon dioxide and water vapor.

Kipling and Peakall( 6 "2Z) have, in fact, examined the adsorption of

water vapor on aluminum oxide but they employed material of high surface

area (156 m 2 /g) and determined gravimetrically the amount remaining ad-
sorbed on the surface after 100 hours desorption at 25"C under a vacuum of

10" 2 torr. When the loosely held physically adsorbed moisture had been
removed they found that 3. 43 milli-moles per g were still chemisorbed to

give a surface equivalent to Gibbsite -rAI(OH) 3 .

A. Experimental Technique

Most of the adsorption measurements have been carried out On AI 2 0 3
in the form of 1200-mesh crushed bauxilite (white fused A1203) obtained from

Universal Grinding Wheel Company Limited. This material had a specific
gravity of 3. 94 and contained 99.00 per cent AlzO 3, the major impurities
being 0. 3 to 0.4 per cent Na 2 0, 0. 05 per cent SiO 2 , and 0. 05 per cent Fe2 O 3
and was considered to give a closer approximation to the bulk material used

in delayed fracture examinations than the more porous materials. Unfortu-
nately, such a material has a comparatively low specific surface area and
this imposed severe limitations on the sensitivity attainable in adsorption

measurements,

A preliminary examination of the adsorption of carbon dioxide by
alumina powder at -77C was made using a sample of -150 +200-mesh powder

supplied by Thermal Syndicate Limited and a helical silica spring McBain bal-
ance having a sensitivity of 16 cm/g. After out-gassing at 300"C under a
vacuum of 10-1 torr fr r 18 hours, carbon dioxide was gradually admitted to

the system. Even with a pressure of 700 torr carbon dioxide in the system,.
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the extension of the helical spring was estimated to be only about double

the error of measurement, indicating a low surface area only of the order

of 4 mZ/S.

It w.i realised that, even if the specific surface area was increased

by employing finer powder, the sensitivity of this method would be insuffi-

cient to detertrine a full adsorption isotherm even if it were sufficient to

measure the total adsorption at high pressures. The volumetric method

of measuring adsorption has the advantage that quite large quantities of ad-

sorbent may be used providing that variations in the "dead space" volume

due to the actual volume occupied by powder are allowed for.

An apparatus was therefore assembled for the addition of measured

amounts of gas at known temperature and pressure to an adsorption system

containing the A1Z0 3 sample. A sketch of this apparatus is shown in Fig.

6-6; a picture of the completed equipment is presented in Fig. 6-7. The

"dead space" volume of the adsorption porti9n was restricted by employing

Z-mm bore capillary tube as far as possible in its construction. By means

of a rotary pump and a single stage mercury diffusion pump the system could

be evacuated to a pressure of < 10-5 torr, as measured on an accurate
Mc1.eod gauge.

The "dead apace" volume of the adsorption system without powder

in the adsorption tube was calibrated at -77 and 20"C, after out-gassing at

330"C, by addition of measured quantities of carbon dioxide from the Sam

burette, and was found 'to be equivalent to about 20 cc of CO 2 at normal tem-

perature and pressure (NTP, 20"C and I atm.) with the adsorption vessel at
Z0"C and containing one atmosphere of gas.

Adsorption isotherms were first carried out at -77"C using 1200-meh

bauxilite which had been out-gassed for at least 24 hours at 3301C under a

vacuum of <* 10 "5 torr. The amount actually adsorbed was calculated from

the amount added by subtracting the calibrated volume of the "dead space" at

the respective equilibrium pressure, allowWg for the volume occupied by the

powder of known density. The earlier determinations confirmed the fact that

the powder had an extremely low surface area and the amounts adsorbed closely

approached the lower limit of determination for the apparatus, the "dead space"
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Fig. 6-6 DIAGRAMMATIC SKETCH OF ADSORPTION SYSTEM
(Capillary sections are reptesented by a mingle line.

A. Adsorption vessel
B. Gas burette
C, Mercury manometer for equilibrium pressure measurements
D. Mercury manometer for gas collection
E. Thermometer
F, Mercury blow-off on gas collection system.
G, Gas Inlet
H, Mercury restrvoir for gas burrette
J. Water jacket for gas burette
K. Lead to McLeod gauge, cold trip, and difusion and rotAry pumps
L. Short leoigth of capillary for controlled additions of gas
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Fig. 6-7 GENERAL VIEW OF ADSORPTION
SYSTEM
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correction forming a considerable portion of the total amount added in

each case. By. increasing the weight of sample to 3, 9 g, a reasonable

adsorption curve was obtained which allowed determination of monolayer

adsorption giving a specific sur-ace area of 1. 22 m 2 /g.

Such low surface area obviously entails great difficulty in measur-

ing the amount of adsorption prior to formation of a monolayer at ambient
temperatures. Determination of an adsorption isotherm at ZOC served

to confirm this, since the adsorption at 700 tori was only about 0. 18 cc
C02 (at NTP) per gram A1Z0 3.

The low adsorption was confirmed on examining the adsorption of

carbon dioxide on a similar out-gassed sample of bauxilite by means of an
accurate vacuum microbalance. Introduction of CO 2 at 0IC and 700 torr
gave an apparent weight loss equivalent to 0. 3 cc (CO2) per g, indicating
that the amount adsorbed is of the same order as the bouyancy correction

for the balance. Under these conditions the amount of CO Z adsorbed is
less than 0. 25 cc per g, which confirms the measurements carried out by

the volumetric technique.

B. Discussion of Results

The curve for adsorption of COZ on the powdered bauxilite at -776C,

shown in Fig. 6-8, displays the normal characteristics of monolayer forma-
tion up to a pressure of 450 tori, followed by the build-up of multilayers at
higher pressures. The amount of gas adsorbed to form a monolayer at this
temperature allows calculation of the surface area of the sample from the

known area of 17 x 10-16 sq cm of the CO2 molecule. Despite the low sur-
face area involved, the accuracy of measurements determined in this way

was about + 5 per cent, even though the total amount required to form a mono-
layer was only 0. 27 cc (at NTP) per gram of Al 2 O3.

The amount of 00 adsorbed at ambient temperature is presmnted in

Fig, 6-9. This is, of course, considerably less than that at -771GO measure-
ments therefore show a high degree of scatter. Desorption and adsorption

curves were, however, found to be inseparable, and the results obtained were

accurate enough to allow calculation of at least the order of the decrease in

surface energy associated with the adsorption.
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m4 y

A Langmuir plot of the repu tterd points.

Nonetheless, a linear relationship can be ascra Kjhe least

squares method. The results shown in Fig. 6-9 for the adsorption of

CO z at 20*C were treated in thia way, allowing for the determination of

the constants G. and A in the Langmuir isotherm. The lowering of

surface energy associated with adsorption of CO2 at a partial pressure of

10 torr was then calculated from Eq. 6-10,

The results are shown in Table 641. It can be seen that although

there is considerable variation, all the values of the lowering of surface

energy are of the order of 1. 0 erg per Fc cm. Since the surface energy

of A1 2 0 3 in vacuo is normally considered to be in the region of 2000 erg

per sq cm, this represents a negligible decrease resulting from the ad-

sorption of CO2.

Table 6-I

CHANGE IN SURFACE ENERGY FOR Al 02
RESULTING FROM CO ADSORPTION AT 200C

G A rO at P = 10 torr,
Specimen (g mole cm (cm" (ers cm--)

I 2.23x 10 " 1 0  0.159 0.80

II 3.06 x 10" 1 0  0.154 1.07

II 2.82 x 10 " 1 0  0.178 1.13

It could be suggested that the out-gassing treatment employed was

insufficient to expel any more firmly bound chemisorbed gas molecules

from the surface of the powder. Nevertheless, the treatment was without

doubt equivalent to that carried out by Pearson, who reported that it elimi-

nated the delayed fracture effect in AlZ0 3 . It would seem, therefore, that

delayed fracture cannot be attributed to the lowering of surface energy caused

by adsorption of CO2.
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It may be that the other atmospheric contaminant, water vapor, is

in fact solely responsible for the delayed fracture effect. Schoening's re-

sults for the adsorption of water vapor on glass demonstrated that surface

energy changes due to adsorption were sufficient to account for at least a

considerable proportion of the reduction in fracture stress observed. For

the same to be true for the adsorption of water vapor on A1 2 0 3 there would

have to be greatly increased adsorption compared with CO 2 - the number

of moles of water adsorbed on glass at 10 torr is about ZOO times the amount

of CO Z adsorbed on AI 2 O 3 at this pressure. The Langmuir constant, A,

would therefore be much higher.

Another feature of interest is the actual shape of the adsorption curves

for CO 2 at 20"C. All three curves exhibit a stepped contour, the adsorption

plateau o urrlrg at much too low a pressure, and too small an amount ad-

sorbed, to correspond to monolayer formation. If, in fact, it ts a real effect

it may be attributable to preferential adsorption on certain more favorable

sites in the initial stages.

A sample of A1 2 O 3 of higher specific surface area has been obtained.

During continued phases of this work, we shall develop more accurate ad-

sorption curves for carbon dioxide with the additional sensitivity thus avail-

able; in addition, we shall also examine the adsorption of water vapor on

A1 2 0 3 surfaces.

4. SURFACE ENERGY OF A 2 0 3 BY THE METHOD OF ZERO CREEP

The interface between two phases is characterized by an interfacial

tension due to the excess of energy which exists at the interface. A reduc-

tion in surface area will therefore permit a body to lower its free energy,

the corresponding work done will be equal to the reduction in surface free

energy. It is to be expected then that a foil or thin wire, having a large

surface area to volume ratio, will contract under the influence of its sur-

face free energy when heated to temperatures approaching its melting point.

By a judicious selection of weights which put the foil or wire into tension

such that the contractive force of the surface free energy is exactly counter-

balanced, will cause the wire to maintain its original length, affording a
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method for the determination of the surface free energy( 6 -23) at very high

temperatures. Because of its feature of arresting axial strains in the wire,

the technique i8 designated as the zero creep method.

In obtaining the appropriate expression relating the balancing weight

to the surface free energy( 6 ",2 4 ), it is assumed that the rcsistance to exten-

sion under the influence of the weight comes from the surface and grain

boundary tensions, By a virtual work argument, for a thin wire

wd=e 9 'ds +rbdb (6-11)

where w is the balancing force, de the change in length, e. the surface

energy, ds the change in surface area, tb the grain boundary tension and

db the reduction in grain boundary area. If the grain boundaries lie nor-

mal to the wire axis and completely traverse the diameter, i. e., the wire

is made up of a series of grains joined end to end and having the same dia-

meter as the wire, then Eq. 6-11 leads to

W = Ir rrs - n irr Zrb (6-1Z)

where r is the wire radius and n is the number of grains per unit length.

Neglecting the grain buundary term would probably lead to an error of about

10 per cent. One may also asurume that tb/s A Q..3 or 0.4 as is fre-

quently found to be the case. Alternately, the two energies may be separately

determined by making measurements on specimens of different relative dimen-

sions or different grain sizes.

The experimental approach involves determining the creep curves at

constant temperature for a number of specimens subjected to different stresses.

The creep strain is measured at various times until the strain rate at a given

stress does not vary with time. The stresses are chosen so that both creep

contraction and extension are observed. Then, by plotting the constant creep

strain rate against stress, the stress corresponding to zero creep may be in-

terpolated. The method has been used for surface energy determinations of

copper( 6 -4 4 ), gold and silver(6 -2 5 ), and nickel(6 -2 6 ), with results which agree

reasonably with those obtained by other methods.
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The application of the technique to A1 2 0 3 presents two problems,

encountered only in a minor degree with the metals previously studied.
These are that the temperatures involved are much higher (ca. 2000 C)
and the preparation of A12 O3 in the form of thin wires is more difficult
than is the case with ductile metals. Making reasonable assumptions for
the quantities involved in Eq. 6-12 leads to the requirement that A1 2 0 3

wires wpuld need to be about 1 mm or less in diameter for the method to
offer reliable results. Extruded wires of about 0.8-mm diameter, and of
sufficient uniformity over lengths of a few centimeters, have been obtained
and some preliminary experiments made in a borrowed furnace.

The preparation of the wires involves marking off a gauge length in
a jig by drawing a fine steel wire lubricated with diamond paste over the
surface to produce two small grooves 2 cm apart. The gauge length and
the length of wire below the mid-point of the gauge length, which corres-

ponds to the weight producing creep, are measured with a traveling micro-
scope reading to 0. 002 mm. During creep the rods are suspended through
holes in the lid of an alumina crucible b7 aftaching a small bead of alumina
to one end, such that the bead does not pass through the hole in the crucible

lid. The arrangement is shown in Fig. 6-11. The AI 20 3 crucible and lid
have internal dimensions 5-cm long and 3. 5-cm diameter, allowing for up to
24 specimens to be contained in the crucible during any one run, with a maxi-
mum stress on any specimen of about 16, 000 dynes per sq cm. Preliminary

experiments at 20501K have shown the feasibility of the method in that expan-
sions and contractions of the gauge length of specimens has been observjd. "'

In order that creep deformation may be detected in a reasonable per-
iod of time it is necessary that the temperature of testing be near to the melt-
ing point (2320*K). A graphite resistor furnace, similar in design to that
used in the preliminary experiments and described by Davidson and Burwood(6- 2 7),
has been made for this purpose. The heating element is a graphite tube 8 in.
long and 2-5/8 in. diameter, with a central bore which contains the A1 2 0 3

crucible standing on an insulating refractory block. The tube is slotted, as
shown in Fig. 6-1Z, to obtain the requisite length of electrical path; provi-

sion is made for the currsnt to enter and leave at the lower end. This is
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Fig. 6-11 GENERAL VIEW OF Al 20 3

ROD ASSEMBLY USED
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Fig. 6-12 HIGH- TELIPERATURE FURNACE,
SHOWING GRAPHITE HEATER



achieved through two heavy copper water-cooled busbars, electrically

insulated from the brass base by an aluminum silicate ceramic; the graph-

ite tube is connected to the bunbars by an interference fit. The insulated

electrical ard water connections through the brass base are made vacuum

tight by the incorporation of O-ring seals. Reflection and redistribution

of the heat from the graphite tube is by five radiation shield* of sheets of

0. 5-mm thick molybdenum, located and insulated by aluminun silicate cera-

mic and shown in Fig. 6-13. The whole is covered by a heavy water-cooled

steel came with appropriate vacuum seals, The entire assembly installed in

position is shown in Fig. 6-14.

The furnace is evacuated through Z in. pumping port in the base by

an appropriate size of diffusion pump and backing pump, The furnace has

been designed to operate at 10-4 mm Hg; preliminary vacuum tests have in-

dicated that this can be achieved with a leak rate which presents no problems.

Appropriate traps and vacuum gauges are incorporated.

The power supply to the furnace is from a 27:1 oil-rcooled step down

transformer fed from a variable transformer rated at about 18 kVA at a maxi-

mum of 15 volts and a current of 1200 amps, The temperature control unit

incorporates a photoelectric cell as the active element and is focussed on the

graphite tube through slots in the radiation shields. The steel case is pro-

vided with water-cooled cells shown in Fig. 6-14, sealed with optical quality

heat resisting glass; the photoelectric cell is attached to the outside of the

cells. The temperature control unit, activated by a variable transformer,

has been designed and is in the process of being constructed.

5. FRACTOGRAPHY

The fracture surfaces of the precracked thin plates described iii Section

2 have beeit studied both optically, using cellulose acetate impression* viewed

by transmitted light, and by means of electron microscopy. For the latter

method, carbon replicas have been made from cellulose acetate impressions

pre-shzdowed at 45' with AuPd. Some difficulty is still being experienced

because of the fragility of the replicas.
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Fig. 6-13 HIGH- TEMPER~ATURE rFURNACE
WITH MOLYBDENUM SHIE~LDS

IN PLACE
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Fig. 6-14 GENERAL VIEW OF EXTERNALS

OF HIGH TEMPERATURE FURNACE
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The fracture surfaces of A1 2 0 3 broken in the tempezature range

Z0 to Z0"C appear identical, haying a high proportion of grains showing

smooth, flat surfaces, and many showing detailed surface markings.

Figure 6-15 shows a typical area of the fracture surface of poly-

crystalline Al 2 0 3 broken at 20"C. Micropores can be seen, the step

pattern joining two of these being a typical feature of the fracture surface.

Figure 6-16 is a higher magnificatioo of a part of the same area. Figure

6-17 shows the variation of fracture markings as influenced by the differ-

ent grain forientation that exists in the polycrystalline A1 2 0 3 . In the lower

left portion of this micrograph, as in others, one can readily see that a

fracture facet which is forced to follow a line not along one of the easy

parting planes does so in a stepwtse manner. This indicates that, although

the total area of surface created is greater, the total surface energy is less

for this fracture path than for a straight path following the gross line of the

facet.

Figure 6-18 shows the fracture surface remaining crystallographic

across what is probably a grain boundary. It would appear that theme two

grains bear some simple crystallographic relation to one another. Figure

6-19 shows the appearance of typical serrated paths in the fracture facet,
0

the single steps in the serrations being about 500 A long in this instance.

Lastly, Fig. 6-20 shows an area o, onchoidal fracture adjacent to a grain

more suitably oriented for cleavage. As can be readily seen by the pres-

ence of facets and river markings, the mode of fracture is a somewhat

imperfect cleavage.

Textbooks on mineralogy suggest that Al 2 0 3 can show perfect but

interrupted cleavage on the basal plane and pseudo-cleavage on the (107, 1)

twin plane. For A1 2 0 3 (1011)^ (1101) = 930 561 and (10l1)A(000l)
570 341.

A fractured single crystal of A120 3 showing similar fracture sur-

face markings to those seen in Figs. 6-15 to 6-18 has been examined by

optical goniornetry. Results are at present incomplete, but it appears that

two reflections found correspond to (1070) and (1lf. 2) planes, as shown in

Fig. 6-21. Measurements on the electron micrographs show that, as near
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Fig. 6-21 ORIENTATION OF CLEAVAGE FACETS IN FRACTURE
SURFACE OF POLYCRYSTALLINE Al 03
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as can be estimated, the cleavage steps meet at exactly 90, and it is

tentatively suggested that Al?)03 may show interrupted cleavage on (000. 1),

l 0T. 0) and (iiz.z) planes.

Fractographic studies of this nature are a valuable aid in conjunction

with the surface energy measurements, since they supply a means of study.

ing the nature of the surface on which the measurements have been made.

6. CONCLUSIONS

A review has been made of all methods available for the determina-

tion of the surface energy associated with the creation of new surface in the

fracture of polycrystalline cerami-cs. Of the various techniques reviewed,

the crack propagation and teto creep method's were selected as offering the

greatest reliability and reproducibility for the determination of surface ener-

gies. The former is useful at moderate temperatures, the latter at very

high temperatures near the melting point of the material. In addition, ad-

sorption techniques were developed for the determination of absolute surface

energy values from adsorption isotherms, and some fractographic studies

were carried out for the examination of the nature of fractute surfaces.

Work on crack propagation methods included an investigation of the

applicability of Hertzian crack techniques, quantitative cleavage and the

fracture of precracked thin plates for the determination of surface energies.

For absohate surface energies, the precracked plate method is thought to

hold out for the best good promise; however, grips that eliminate bending

are needed for accurate measurements. These grips have been made, but

have not yet been tested.

The Roesler and the impact cleavage methods have experimental and

theoretical difficulties that considerably lower their accuracy. However,

these methods may be useful at high temperatures, when difficulties in using

the precracked plates may appear.

The lowering of the surface energy of A1 2 0 3 by adsorption of CO 2

has been calculated from measurements of the adsorption isotherm. Be-

cause of a low specific surface, these measurements have been difficult,

but there seems little doubt that the surface energy lowering in this case is
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quite negligible. Measurements on the energy lowering from the adsorp-

tion of water vapor remain to be done. If these also indicate small ene'gy

changes, the explanation of delayed-fracture and of' environment effects in

terms of the lowering of surface energy by adsorption will have to be aban-

doned in this case.

'2'he method of zero creep appears to be the only practical one for

the direct determination of surface energy at very high temperatures. Its

application to non-metallic bodies io believed to be novel. There are diffi-

culties of specimen preparation, absent in the metal case. However,

rods = 1.0-mm diameter have been prepared and preliminary measure-

ments suggest that application of the method to A1 2 0 3 will be feasible.

Construction of the special high-temperature furnace required has taken

some considerable time., but, except for a few minor items, is now complete

and it is expected that proper measurements will begin in a very short time.

,All exploratory experimental studies to date have been confined to

work with A1 2 0 3 . Satisfactory absolute surface energy measurements have

not yet been achieved. Nevertheless, the method using precracked thin

plates seems to have good promise at moderate temperatures. Removal of

bending stresses from the testing jig used at present will be necessary; this

is expected to be achieved with new grips that have been fabricated, but not

yet tested. The method of zero-creep that yields absolute surface energy

values at near the melting point has involved rather a large amount of equip-

ment manufacture, This is all now practically ready. Some test of the

method in a borrowed high-temperature furnace suggests that this technique

should work satisfactorily.

The lowering of the surface energy of A120 3 by the adsorption of CO 2

has been shown to be negligible. Measurements for water vapor have still

to be carried out. If they should yield a similar result, surface energy low.

ering would seem to be eliminated as an explanation of delayed fracture and

of environment effects in the case of A1 2 0 3 .

Fractography appears to be useful because of the information it gives

about the surfaces used for measurement.

- 294-



7. REFERENCES

6-1 Griffith, A. A., Proc. Internat. Congress App. Mechanics,
Delft, 55, (1924).

6-z Gilman, J. J., J. App. Phys., 31, 2208, (1960).

6-3 Kuznetsov, V. D., Surface Energy of Solids, H.M.S.O., (1957).

6-4 Roesler, F. C., Proc. Phys. Soc., B, 66, 981, (1956).

6-5 Dixon, 3. R., ;our. Roy. Aero. Soc., 64, 141, (1960).

6-6 Berdennikov, Phys. Zeit. Sowjetunion, 4, 397, (1933).

6-7 Kies, U. S, Naval Res. Lab. Rep. No. 237.

6-8 Svensson, N. L., Proc. P'oa. Soc., April 1961, 876;
6-9 Shand, E. B,, j. Amer. C,.r. Soc., 44, 1961, 1.

6-10 Charles, R. J., J. App. Phys., 19 8, 29 (1549), 1554.

6-11 Moorthy, V. K. and Tooley, F. V., J. Amer. Ceram. Soc.,
1956, 39, Z15.

6-12 Orowkt);'E.; WeldingJournal ges, $uppi., 1955, 34, 157n.

6-13 Orowan, E., Nature, 1944, 154, 341.

6-14 Orowan, E., Z. Phys., 1933, 82, 835.

6-15 iura, G. and Harkins, W D., 3. Amer. Chem. Soc., 66,
1356, (1944).

6-16 Petch, N. J., Phil. Mag., 1956 (viii), 1, 331.

6-17 Schoening, F. R. L., J. App. Physics, 1960, 31(10), 1779.

6-18 Gurney, C. and Pearson, S., Proc. Phys. Soc., 1949, 6B,
469.

6-19 Preston, F. W., Baker, T. C. andGlathart, 3. L., 3. Appl.
Phys., 1946, 17, 162.

6-20 Eischen, G., Comptes Rendus, 1960, 250(l2), 2194.

6-21 Pearson, S., Proc. Phys. Soc., 1956, 69B, 1293.

6-Z2 Kipling, 3. J., and Peakall, D. B., J. Chem. Soc., 1957,
Part 1, 834.

6-23 Sawai, 1. and Nishida, N., Z. anorg. Chem., 1930, 190, 375.

6-24 Udin, H., Shaler, A, J., and Wulff, J., 3. Metals, 1949, 1, 196.

6-25 Buttner, F. H., Udin, H., and Wulff, 3., J. Metals, 1951, 3, 1209.

6-26 Hayward, E. R. and Greenough, A. P.,, J. Init. Metals, 1959-60,
88, 217.

6-7 Davidson H., and Burwod, 3., Engineering, Jan. 1954, 106.

- 295 -



TASK 7 - FRACTURE MZCHANISMS

Principal Investigators E. Orowan
Massachusetts Institute of Technology

ABSTRACT

The purpose of this research is to study the fracture mechanism
of non-metallic materials, in order to obtain basic knowledge regarding the
nature of crack initiation and propagation in brittle substances. During the
current phase of the program a microscope stage and a high temperature
testing machine have been built, the latter having a load range of 5000 lb at
temperatures up to 400001r.

The fracture mechanisms and cleavage surfaces of KCI crystals
have been studied extensively at temperatures up to 6000C. Use of X-ray
imaging methods disclosed the presence of kinking at the intersection of Gil-
man bands in ,AgO deformed at room temperature. The conversion of slip
tokinking may be responsible for strain-hardening and crack initiation phen-
omena which has been heretofore attributed to the interaction of individual
dislocations.
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TASK 7 - FRACTURE MECHANISMS

1. INTRODUCTION

Much of the work concerned with the strength of brittle substances

seeks to determine the parameters affecting two basic phenomena: crack

initiation, and the propagation of fractures already nucleated. A good deal

is understood about the factors affecting each phenomenon separately; while

much remains to be done, the effects of grain size, porosity, surface ener-

gy, multiaxial stresses and speed of loading have been reasonably well de-

termined. On the other hand, comparatively little attention has been paid

to tying the information re'lting to crack initiation and its propagation to-

gether, to consider the overall mechanisms governing the fracture of brittle

materials.

Although some high temperature refractories have limited ductility

at the service temperature, they are almost completely brittle in a wide

temperature range between room temperature and the service temperature.

Brittleness in these materials is an inherent property which, in general,

cannot be influenced effectively without modifying the composition or crystal-

lographic structure of the material. All that can be done is to choose fabri-

cation methods which prevent the formation of effective microcracks, suppress

the formation of microcracks by plastic deformation under stress, or counter-

act the propagation of crack nuclei. The main possibilities of this nature are

summarized in Table 7-1.

The purpose of the present work is to study the fracture mechanisms

of non-metallic materials to obtain the basic knowledge required for the utili-

zation of the possibilities described in Table 7-I for the production of high

temperature refractories of reliably stable high mechanical strength and ther-

mal shock resistance. In particular, this Task seeks to resolve the gap that

exists currently between crack nucleation hypotheses on the one hand, and

gross crack propagation and proliferation leading to fracture, on the other.

The materials studied fall into two categories; materials of practical

importance as model refractories, and materials like alkali halides which

have considerable ductility at relatively low temperatures and from which
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knowledge of plastic fracture mechanisms can be obtained more easily than

from the majority of high temperature refractories.

The work proceeded in three directions. The first was the construc-

tion of a small testing machine which could be placed on the stage of a micro-

scope for observing the specimen in ordinary or polarized light during defor-

mation. This machine was constructed comparatively early, and various

improvements have been added to it during the course of the program, among

them an electric strain-gage dynamometer for measuring the load, and strain-

gage extensometet for measuring or recording the deformation. The second
line of work was the construction of a high temperature testing machine for

tension, compression and (with an adapter) bending, for loads up to 5000 lb,
and temperatures approaching 40001F. The third line of work was the study

of deformation and fracture of variuus single crystals, mainly MgO and KC1.

Most of the work of the constructing of the high temperature testing machine

was done by H. Keith; most of the crystal experiments by A. S. Argon.

Z. THE MICROSCOPE STAGE TESTING MACHINE

Figure 7-1 is a photograph of the machine placed on the rotating stage

of a polarizing microscope to which it is attached by clamps. The frame (1)
is provided with dovetail-grooves in which plates carrying the stationary grip-

holder (2) and the mobile grip-holder (3) can slide. The plate carrying the

mobile grip-holder (3) is moved in the dovetail-guide by means of a threaded

rod propelled by a toothed nut which is driven by the pinion (4). The gear

ratio is high in order to be able to apply very small strains to specimens of

low ductility; a revolution counter connected with the pinion shaft by bevel

gears can be used as a rough measure of the strain applied. The strain can

be measured accurately by an electric strain gage extensometer (not shown).

The specimen is seen between the grip blocks, with the brass tubes into which

it is cemented. The mobile grip holder (3) is connected with the dovetail plate

by a strain gage dynamometer (5) which is a ring with a cylindrical inside and

an octahedral outside surface, provided with 4 resistance gages. The thrust

is transmitted from the pinion-driven toothed nut to the frame of the machine

by a thrust ball-bearing.

- 299 -



Fig. 7-1 VIEW OF MICROSCOPE STAGE TESTING
MACHINE

- 300 -



In addition to the fixture shown in Fig. 7-1, adapters were made for
the compression of specimens not provided with brass holders, and also for

bending tests under four-point loading. The supports for the bending test

are cylindrical surfaces covered with neoprene membranes of about 0. 007 in.

thickness; thus, concentrated pressure on the specimen is avoided without

introducing too much elasticity in the machine.

3. THE HIGH TEMPERATURE TESTING MACHINE

The machine is designed for a maximum load of 5000 ib; the load is

measured by dynamometers provided with sets of electric resistance gages.

Frictional forces are held to less than I oz by the use of ball bearings, so

that the machine can be used with isufficient accuracy for a load range of about

5 lb with suitable dynamometers. Like the microscope-stage testing machine,

it has a threaded rod drive.

Heating of the specimen is accomplished with a tubular electric resis-

tance heating element provided with two diametrally opposite lengthwise slots.

This makes it possible to observe the specimen during the test; it also doubles

the length of the current path and reduces by half the c,'oss section, so that the

heating current is halved. The heating element is made of tantalum sheet; for
higher temperatures (up to nearly 4000"F) a tungsten heating element can be

used. The heating element is surrounded by three sets of radiation shields

(concentric cylinders around the tube, circular plates above and below). Heat-

ing element, radiation shields, specimen, and grips are in an evacuated steel

vessel with water-cooled walls; the pulling rod is also water cooled. The power

supply is a saturated core transformer of Z5-KVA capacity.

Figure 7-Z shows a vertical and a horizontal section of the machine, and

a vertical view. Figure 7-3 is a photograph of the machine showing the central

part of the machine with the lower part of the vacuum vessel lowered, so that

the radiation shield is visible; the lower grip is not inserted. This picture dif-

fers from the drawings in Fig, 7-4 in that the two balance weights for the re-

movable lower part of, the vacuum vessel have been Joined together and the

sprocket chains attached to the joined weight are led over two sprocket wheels,

one with a hand-wheel, to opposite sides of the vessel.
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With reference to the numbering used in Fig. 7-2, the machine is
built vip on a frame consisting of a base (7), two vertical steel columns of

24in. diameter, and a head-piece (5); its height is approximately 6 feet.

Two steel columns (4) are suspended from the head-piece; their lower ends

carry a heavy steel disc (3) with a central threaded hole (2) into which the

lower (fixed) specimen grip is screwed. The upper grip is screwed into a
threaded plug (1) closing the lower end of the lower part of the pulling (or

compressing) rod (8). This hollow rod is water-cooled in a way seen in

the drawing. It slides in the thick-walled tube (9) which is the upper part

of the pulling rod and has an internal thread Into which the threaded rod (13)
engages. The tube is prevented from rotating by the key (16), so that it is
lifted or lowered when the threaded rod it rotated by the pinion wheel (14)
and the pinion (15). The pinion is supported on a swiveling block so that it

can be disengaged if the pulling rod is to be moved rapidly.

The two parts (8) and (9) of the pulling rod are connected by a thin-

walled tube or thin strips, the ends of which are screwed to (8) and (9) at
the points (10) and (11), the connecting tube or strips (not shown in the draw-

ing) carry the resistance gages and act as a dynamometer. The lower part
(8) of the pulling rod is guided in the upper part by three vertical rows of
steel balls in a single cage; similarly, the lower part of the rod is guided
in the bushing (12) of the vacuum vessel by three rows of steel balls. In

this way the friction is reduced, and the rod is guided with no perceptible

play. Consequently, It can be used for compressing specimens as well as
for pulling them, without danger of buckling at the sliding joint of the two

parts (8) and (9).

The original plan was to seal the vacuum vessel at the bushing (1Z)

by neoprene bellows (ZZ) stiffened by wire ring. However, under vacuum

all bellows made (by dipping from neoprene latex, with textile or steel wire

reinforcements) had a tendency to instability by shear between neighboring
corrugations; for this reason, the bellows were replaced by "Bellofram"

rolling rubber diaphragms.

The vacuum versel consists of a short upper and a long lower part

bolted together by flanges with a sealing rubber O-ring between the flanges;

its lower part can be lowered as shown in Fig. 7-3, by unbolting the connec-

tion and turning the hand-wheel shown in Fig. 7-4.
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Fig. 7-3 VIEW OF CENTRAL PART OF HIGH- TEMPERATURE

TEST FACILITY
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Fig. 7-4 OVERALL VIEW OF HIXGH- TEMPERATURE TEST
FACILITY FOR USE WITH 5000-lb TESTING

MACHINE
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The heating element (28), of tantalum sheet 60 mile thick and the

upper horizontal and the cylindrical radiation shields (26) and (25) are sup-

ported by two heavy molybdenum plates (23) carried by water-cooled copper

rods (24) which are introduced through the top of the vacuum vepeel electri-

cally insulated and vacuum sealed; above the vessel thm two busbars (24) are

bracketed together by an insulating bar. The vertical section and the verti-

cal view in Fig. 7-Z show the position of the vacuum connection; the horizon-

tal section (lower right) shows the two observation windows in the lower part

of the vessel, The vacuum diffusion pump, of course, is permanently attached
to the upper part of the vessel, as seen in Fig. 7-3 and 7-4.

4. EXPERIMENTS ON THE FRACTURE AND DEFORMATION OF NON-
METALLIC SINGLE CRYSTALS

The single crystal work falls into two groups, the first with alkali

halides (principally KCI), the second with MgO which, after the pioneering
work of Gilman(7- 1 ) and Stokes(7- 2 ) has become a particularly attractive

object o study independently of its practical use as a high temperature re-
fractory. The main part of these experiments was made at room temper-

ature, by microscopic x-ray methods; but they also included observations

of cleavage surfaces after cleavage in a 'wide range of temperatures.

A. Experiments with Alkali Halides

a. Cleavage Experiments

M6st of these experiments were carried out with KC! crystals made
by the Harshaw Chemical Company; we are indebted to Professor A. Smakula

of MtT, who kindly gave us several crystals, and also to our colleague Pro-
fessor F. A. McClintock who gave us a lalge KCI crystal produced by Harshaw.

The crystals were cleaved with hammer and chisel at temperatures
ranging from liquid nitrogen to about 6001C. The cleavage surfaces show

three kinds of markings: tracks, stop-lines and worms. These will be dil.-

cussed separately.

Tracks (trajectories, rivers, hackles). These are fine steps running

approximately parallel to the direction of crack propagation. Figure 7-5 shows,

as a composite micrograph, the entire cleavage face of a KCI crystal, cleaved
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at 4000 C. The horizontal black strip at the top is the indentation of the
chis el. The entire area in covered with more or less finely spaced tracks;
at the upper left corner where the crack initiated they run at about 45" down-
wards and to the right, Near the middle of the photograph they become ap-
proximately horizontal, and then they owing upwards.

Figure 7-6 shows, at a higher magnification, a part of Fig. 7-5 (up-
s ide down), There are glitterin~g shite segments along some of the tracks.
They are due to the overlapping of neighboring cleavage planes, And the con-
sequent unde rcutting of the step by the lower plane. The r~suatingj crack

under the step produces the bright reflection.

Fig. 7-6 PAXT OF FRACTUPRX SURFACE oF Kci CRkYSTAL.
SHOWN UI Fig. 7.5 (4008C)

Tracks, i. e. , new cleavage levels, appear and disappear duting thd
propagation of the crack. The part near the center of the left vertical edge.
of Fig. 7-5 illustrates this point. As the crack propagated vertically down-
wards, it stopped at the dark broad horizontal front, interru~pting the Active
cleavage planes. Cleavage is then re-started -in a large nu~mber of neighbor-
ing planes, giving rise to very closely spaced tracks. Soon, however, groups
of neighboring shallow steps join to a small numbher of large steps.
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Figure 7-7 (cleavage at 400"C) shown details of how tracks merge.

IU both are of the "same sign" they join to form a single step the height of

which is the sum of the heights of the two constituent steps. This occurs

several times alone the largest step near the middle of the figure which in-

creases in height as the crack propagated from right to the left. If the

meraing steps are equal in height but of opposite sign, they annihilate each

other. This occurs in Fig. 7-7 at the nearly horizontal V-shaped junctions.

Fig. 7-7 CLEAVAGE TRACKS (RIVER MARKS) ON
FRACTURE SURFACE OF KCI CRYSTAL

(Cleaved at 4001C)

Figure 7-S shows a cleavage surface produced in impact bending with
a blunt instrument. The number of tracks is very small at the beginning but

it incaeases so rapidly that finally the surface presents a fur-like appearance.
The cause of this is not clear; the forking apart of cleavage planes at screw
dislocations produced by plastic deformation may be a factor. Figure 7-9

shows details of steps with dislocation etch-plts in a crystal cleaved at 500"C.
There is a clear tendency for rows of dislocation pits to accompany steps,
giving evidence of plastic deformation were a lamella between neighboriag

cleavage planes is torn apart in the formation of a step.
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Fig. 7-8 FRACTURE SURFACE OF KCI CRYSTAL
BENT BY IMPACT AT Z00"C

f

F ig. 7-9 CLEAVAGE T]ACY+S ON KCI
CRYTSTAL CLEAVED AT S00"C
Showing dislocation etch-pit

distribution.

-310 -



Stop Lines. The most conspicuous feature of Fig. 7-5 is the three

concentric lines near the upper left corner of the picture. These are crack

fronts where the crack propagation has temporarily stopped, due to either a

drop of the load (the cleaving chisel may not follow the cleavage fast enough,

or a drop of loal stress due to bulging of the crack front), or due to reflected

stress waves. Once the crack velocity has dropped, the yield stress may dr-

crease below the cleavage strength and plastic deformation may be large enough

to result in ductile fracture, as seen more clearly at higher magnification in

Fig. 7-10. The direction of crack propagation, and that of the tracks, changes

behind the cto? line

Fig. 7-10 ORIGIN OF CLEAVAGE FRACTURE RE-INITIATION
AFTER EXTENSIVE PLASTIC DEFORMATION AT A
FRACTURE-STOP FRONT

An interesting question is why ductile fracture changes again to cleav-

age fracture. Plastic deformation raises the yield stress; in general, it also

raises the cleavage strength ("strain strengthening"). If the rise of the yield

stress is greater, strain hardening may lead to cleavage fracture. However,

this did not occur in the wide belt of ductile fracture in Fig. 7-10. The most

plausible explanation is that plastic deformation produced a tri-axiality of ten..

sion which finally started cleavage fracture.
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This explanation for the mechanism of stop lines and re-nucleation

of cleavage was first advanced by Felbeck and Orowan (Weld. Journ. Rea.

Suppl. Nov. 195$) based upon obse', vations in low carbon steel. This view

finds support by 41he fact that stop lines in KCI do not occur at very low tem-

peratures ad become more and more marked as the temperature rises.

The observation of the phenomenon in KCI in of interest because it has been

suggested that the yield phenomenon in iron plays a decisive role in produc-

ing brittle fracture; according to the view mentioned, the yield delay (which

is connected to the yield phenomenon) would give a chance for cleavage to

occur before plastic deformation would take the upper hand. Since KCl,

which shows no yield phenomenon, displays the stop line behavior as iron,

the yield delay hypothesis is not plausible in tha latter case. Both cases

conform with the picture based on the development of triaxial tension at the

crack tip after local plastic deformation.

Worms. Figure 7-5 shows a third feature of cleavage faces most

clearly visible as light curved lines at the bottom of the bottom right quan-

drant. They are also present around the center of the upper edge of the

figure in the form of light lines sloping at about 45" downwards and to the

right. These lines have been termed "worms".

Worms are clearly observable above about ZOOC and they are

strongly marked above 4000C. Their most striking characteristic is that

they do not match on opposite cleavage faces. Figure 7-11 shows this fact.

The two cleavage faces are shown side by side. the illumination was chosen

so that the worms appear mostly as sharp lines. Since they do not match,

worms must have been formed after the crack has passed through, but be-

fore fracture was complete. This is in accord with the fact that worms

become conspicuous only at higher temperatures when the yield stress be-

comes sufficiently low and pencil glide appears.

b. Plastic Crack Origination in KCI

In unpolished crystals fracture starts almost invariably at the sur-

face, evidently at a surface crack of the Griffith type. In water-polished

crystals, on the other hand, most surface cracks have been removed and
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fracture starts, more often than not, in the interior. Figure 7-12 shows

a cleavage surface with the crack origin which makes an angle of about Z0

with the cleavage plane. Particularly in this case, the initiating crack

does not seem to be an inherent flaw; it seems to have been produced by

the preceding plastic deformation

Fig. 7-li FRACTURE SURFACE MARKINGS
ON A KCI CRYSTAL CLEAVED AT

600"C
Note especially the wavy (worm)
lines,

c. Pencil Glide in KCI

Figures 7-13 and 7-14 show slip bands in KCI deformed at 3004C, the

latter being a case of extreme pencil glide. It has been known for a long

time(7"16) that KCI shows a higher temperature slip both on the (110) and (111)

planes, in the [i10] direction.

Figure 7-13 is interesting in that it shows two wide bands practically

without slip markings. Examination of the crystal revealed that in these

bands slip has taken place with a slip direction parallel to the plane of the
figure. This has inhibited slip band formation with slip direction at an angle

to the surface of the crystal, i.e., the formation of visible slip bands.
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Fig. 7-1Z INTERNAL FRACTURE ORIGN IN
A WATER POLISHED KCI CRYSTAL
BENT AT 20C. Plane of fracture
origin makes an angle of 22* with the
(100) cleavage plane.

F/i. 1 / , ,S O

CRYSTAL DEFORMiED AT 3000C
IN BENDING. The horizontal
bands are (110) slips bands with
the slip direction in the surface
of the crystal.
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Fig. 7-14 A DIFFERENT AREA OF THE CRYSTAL
SHOWN IN FIG. 7-13

B. Experiments with Magnesium Oxide

Magnesium oxide belongs to a group of crystals which can be obtained

with a very low dislocation density. It was observed in LiF by Gilman(7- 1 ),

in MgO by Stokes and Johnston(7" 2 ), in silicon iron by Low(7-3) that slip in

such crystals occurs by the formation and gradual widening of bands very uni-

formly filled by dislocations; Gilman could show that the dislocations are pro-

duced by double cross slip multiplication. To avoid confusion, these bands

will be called Gilman bands, They are certainly quite different from slip

bands in the usual sense of the word which arise from slip lines at a later

stage of the deformation.

Stokes and Johnston have observed that Gilman bands in MgO may suf-

fer a parallel displacement where they are intersected by another band. Fig-

ures 7-15 and 7-16 are examples of this. The narrow vertical band in Fig.

7-15 has evidently suffered a counterclockwise shear by the operation of the

wide horizontal band; this, however, might have been the result of a pure trans-

lation. In some case, however, details of the intersection do not seem com-

patible with a simple translation (!.,.L, Fig. 7-16). In Fig. 7 17 the surface

of an MgO crystal is seen that has been compressed in two stages and etched
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Fig. 7-17 STAGGERING OF DISLOCATION
SLIP BANDS UNDER REACTIVATED
FLOW IN MgO SINGLE CRYSTALS

after each compression. The strongly etched dark parts of the bands were

the results of the first compression; the lighter part, those of second. The

narrow dark band has been sheared by the three intersecting wide bands.

The remarkable point is that the light lower edges of the three wide bands

are sharply staggered at the intersection, while the dark cores of the wide

bands must have progressed by different amounts above and below the inter-

sections. This means that the deformation could not have been a simple

translation which would not have permitted any staggering of the band edger.

A similar picture of this same phenomenon is shown in Fig. 7-18.

To decide whether a non-translational deformation (lattice rotation)

has taken place at the band intersections, x-ray images of the crystal faces

have been prepared with the Berg(7- 4 ) - Barrett(7-5 ) method. In this meth-

od a sufficiently divergent bundle of monochromatic x-rays falls on the face

of the crystal to produce Bragg riflection at a suitable atomic plane. If the

crystal is perfect and it in fully bathed in the x-ray beam, an image of uni-

form density of the crystal outlines is reflected. If, however, there is a

volume of slightly different orientation in the crTstal, the Bragg reflection

is displaced, and the area corresponding to the disoriented volume on the
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Fig. 7-18 SLIP-BANDS IN MgO UNDER REACTIVATED

FLOW (A, in Fig. 7-17)

film is lighter or completely white. The intersection already shown in the

optical photograph of Fig. 7-16 is presented under transmitted polarized

light in Fig. 7-19(a), and by the Berg-Barrett x-ray image in Fig. 7-19(b);

an arrow in the latter points at the intersection shown in Fig. 7-19(a). These

figures show that the intersection is broken up into three areas; in the x-ray

image Fig. 7-19(b), the reflection from the central area can be found just be-

yond the lower left hand corner of the intersection, while the reflections from
the top and bottom areas have been displaced by the same amount upward and

to the right. The intersection itself is white on the x-ray image which show$

the appearance of the x-ray film itself (not a print of the film). The Gilman

bands are dark because the dislocations have reduced primary extinction and

produced a mosaic effect.

Figure 7-20 shows a simple way in which the lattice can suffer a rota-

tion at the intersection of slip bands. If the horizontal band operates first

and then the vertical band becomes active, the shear produced by slip in the

vertical band outside the intersection may arise partly or mainly by the opera-

tion of the slip planes of the horizontal band in the volume of intersection. In



Fig. 7-19(a) AREA OF MgO CRYSTAL SHOWN
IN Fig. 7-16 VIEWED UNDER TRANS-
MITTED POLARIZED LIGHT

Fig. 7-19(b) BERG-BARRXTT X-RAY IMAGE
OF SAME AREA
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Fig. 7-20 SCHEMATIC REPRESENTATION OF LATTICE

ROTATION AND DISLOCATION MOVEMENT
DURING GROWTH OF INTERSECTING
GILMAN BANDS
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other words, the deformation in the vertical band may be due to slip outside
the intersection, and to kinking( 7 -6, 7-7) plus slip in the intersection. Fig-

ure 740 shows, for simplicity, the came in which the deformation at the inter-
section is pure kinking. If the arrows indicate the direction of movement of

the material adjacent to the slip bands, the termination of slip in the vertical
band at the boundary of the intersection gives rise to the edge dislocations
indicated in the drawing; at the boundaries of the kink (the vertical boundaries

of the parallelogram surrounding the intersection) edge dislocations shown in
the figure arise. The edge dislocations surround the paraUelogram in the
same sense of rotation. This is a consequence of the fact that the dislocations
have arrived at the horizontal sides of the parallelogram coring from the out-
side, while the kink dislocations at the vertical sides have come from inside
the volume of intersection. This is closely connected with the theorem of
conjugate shear stresses and the corresponding theorem about the directions

of shear on two perpendicular faces: in the irrouational case the edge dislo-
cations on adjacent sides of the parallelogram would have opposite senses of

rotation.

Evidently, the case shown in Fig. 7-20 can easily arise. When slip

starts in the vertical band, the volume of the intersection is already filled
with dislocations of the horisontal band; the shear in the vertical band can
be as easily produced by slip on the horizontal planes as on the vertical planes,

or perhaps more easily.

It seems to be the rule that a Gilman band behaves in a manner similar
to Luders bands: deformation increases by the widening of the band, and no

significant additional slip occurs inside the band. Experiments for investi-

gating possible changes of orientation at slip band intersections in other crys-

tals (first, in KCI) are in progress.

5. DISCUSSION

Conversion of slip into kinking takes place, according to x-ray evi-
dence, probably in all intersections of Gilman bands in MgO, at least in those

which are large enough to be explored by the Berg-Barrett method. The ques-
tion is whether this phenomenon is to be expected more generally.
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A. Asteri-win

Magnesium Oxide, like other crystals of the NaCI type, presents

particularly favorable conditions for the process; every slip plane is inter-

sected by a perpendicular slip plane with the slip direction normal to the

line of intersection, However, there is a weighty reason for expecting the

kink conversion process to occur very generally, fairly independently of the

structure of the crystal. This is the general occurrence of asterism. Be-

tween 1925 and 1930 the phenomenon of x-ray asteelsm was in the center of

attention in work on the plasticity of crystalline materials. Yamaguchi( 7 "8 ),

Burgers(7" 9 ), and Taylor(7"t0) suggested that asterism would be due to the

curvature of the lattice at the boundaries of slipped areas, i. e., at what is

today called dislocations. This possibility disappeared when, on Taylor's

suggestion, Starr(7"1 1 ) calculated the distortions at the tips of sheared

cracks and found that the lattice curvature could not account for the observed

aSterism. Subsequently, Orowan and Pascoo(7-1)Y zound that the asterism

of an extended cadmium crystal was entirely the consequence of a slight

macroscopic bending. However, this was not possible in the case of cubic

single crystals such as those of aluminum.

Evidently, the kink conversion observed in MgO crystals gives rise

to asterism, and a glance at Fig. 7-20 shows that the direction of lattice ro-

tation produced by kinking is the same as that associated with x-ray asterism

of the "microscopic" type (1. ei, that which is not due to macroscopic bending).

The only other way of explaining microscopic asterism of which one is aware

at present is the small-scale local bending of slip lamellae into which the crys-

tal breaks up ("flexural slip" of Polanyi(7-1 3 )). This process is closely re-

lated to kinking; it may be regarded as a continuously distributed kinking.

Small but sharp kink bands embedded in a crystal grain filled with slip

lines have been observed in aluminum by Cahn( 7 " 1 4 ). According to Barrett

and Levenson(7" 1 5 ), slip and kinking contribute almost equally to the defor-

mation of iron. In a polycrystalline material kinking could be understood as

a consequence of constraints imposed upon slip by grain boundaries; in single

crystals, however, the conversion of slip into kinking at band intersections

seems to be the first possibility of understanding the occurrence of kinking as

a sporadic local phenomenon.
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B. Kink Conversion and Strain Hardening

A kinked band intersection is a prism enclosed by a low angle bound-

ary; it is, therefore, an obstacle to further' slip. Its resistance to disloca-

tions approaching in the slip bands can be calculated by the summation of the

stresses produced by the dislocations surrounding the prism. The interest

of this point lies in the fact that, according to the discovery of E. Schmid(7 1 6 ),

cubic metal crystals strain harden far more rapidly than crystals of hexagonal

or tetragonal metals. The simplest interpretation of this is the assumption

that the main factor in the strain hardening of cubic (in particular, of cubic

face centered) metals is the intersection of slip bands with non-parallel slip

directions. Accordingly, most theories of strain hardening in the 1950's

were based on the assumption that dislocatiins on Intersecting octahedral slip

planes in cubic face centered crystals would fuse to give Lomer-Cottrell ass-

sile dislocations which would be effective obstacles to slip. Sessile disloca-

tions would lie along the line of intersection of the two slip planes; they could

be identified in electron micrographs as straight dislocations in (110) direc-

tions. Such straight dislocation segment, have wot been observed frequently

in electron micrographs; their conspicuous rarity raises doubts about the role

of Lomer-Cottrell dislocations in strain hardening. It is of interest, there-

fore, that kink conversion at slip band intersections presents an alternative

possibility of obtaining strain hardening by the operation of intersecting slip

bands.

Schmnid's observation that strain hardening is much more rapid in

cubic crystals would be described today by saying that such crystals have a

very short easy glide region (a few per cent shear strain), whereas hexagonal

cryltals may show easy glide over a range of shear strain exceeding 100 per

cent. The absence of microasterism in cadmium crystals over a large strain

range is a strong indication of an intimate connection between the cessation of

easy glide and the beginning of lattice rotations. Since Lomer-Cottrell dislo-

cations could hazdly produce the observed asterism, the puosibility that kink

conversions rather than sessile dislocations are responsible for the strain

hardening results from intersecting slip planes receives additional emphasis.
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C. Bauschinger and Other Reversal Effects

It has been found recently that a strain reversal produces not only

the classical Bauschinger effect but, in addition, a permanent lowering of

the stress-strain curve. This could be due to the destruction of disloca-

tion pile-ups and the building up of opposite pile-ups; however, it seems that

this cannot account for the whole effect. Evidently, strain reversal in the

vertical Gilman band in Fig, 7-20 could gradual.y remove the kinked volume

at the interqectioni iriolar as such a reverse slip is possible in a band, a

part of the strain hardening could be destroyed by reverse straining. In

this connection the remarkable experiments of Polanyi( 7 " 13 ) should be re-

m-3mbered, who found that the ability to undergo recrystallization can be

destroyed by additional reverse deformation.

D. Kink Stresses and Fracture

Kinking gives rise to several types of internal stress. -Mugge(7 - 6 )

already observed that disthene (kyanite) ha-s a tendency to. fracture along the

kink plane and attributed this to the bending stresses in the sharply bent kink

lamellae. Other types of internal stress may also arise. If 9 is the angle

between the active slip plane and the normal to the kink plane, t the thickness

of the slip lamelae in the kink band, b the length of the Burgers vector, and

n an integral number, the relationship 2t tan 0 a nb must be satisfied to

avoid tensil-e and compressive stresses parallel to the kink plane(7"7) '. This

demands a progressive change of the orientation of the kink plane with increas-

ing kink strain (i. e., with increasing n). Such change of orientation can only

be produced by high internal stresses because of non-fullillment of this equa-

tion. The corresponding elastic strain may reach a magnitude between I and

2 per cent z-s measured from the birefringence observed; such stresses could

easily induce crack formation. In the past, crack formation by plastic defor-

mation has been attributed to dislocation reactions. As is seen in Fig. 7-19(a),

the stresses due to kinking seem to offer a much more likely explanation for

the initiation of cracks of the types observed.
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6. CONCLUSIONS

(a) A microscope-stage testing machine was built for tension, com-

pressing and bending.

(b) A high temperature testing machine for loads up to 5000 lb and

temperatures up to about 40001F was built.

(c) The cleavage mechanism of alkali halide crystals was studied,

(d) Kinking was observed by x-ray imaging methods at the intersec-

tions of Gilman bands in MgO. The conversion of slip to kinking at band

intersections produces stresses which muy be responsible for thatipart of

strain hardening which so far has been attributed to individual dislocation

reactions; they could also produce cracking of the types which were ob-

served but could not be satisfactorily explained by individual dislocation

reactions,
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TASK 8 - THE INFLUENCE OF IMPURITIES ON THE BRITTLE

FRACTURE OF INORGANIC, NON-METALLIC CERAMICS

Principal Investigator: I. B. Cutler
University of Utah

ABSTRACT

The research work on this program is concerned with the ef-
fect of impurities upon the mechanica-I and physical properties of
multicrystalline ceramic oxides, To segregate the effect of indi-
vidual doping elements, methods were developed for the production
of high purity Al 2 0 3 and MgO bodies substantially superior to com-
mercially available mate rials,

High purity powders prepared in this fashion were pre-sintered
with 1n purities ranging from 0 to 104 ppm. The optimum cold-pres-
sing and sintering conditions for the attainment of maximum densi-
ties were determined, and methods were developed for the fabrica-
tion of test specimens of the desired shape. These were then used
for the determination of grain sizes, density and modulus of rupture
value s.

Satisfactory post-sintered doping methods were also developed
but time did not allow for detailed studies of specimens prepared by
this technique.
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TASK 8 - IMPURITY INFLUENCES

1, INTRODUCTION

The principal sim of this Task is to investigate the effect that
carefully controlled quantities of impurities have upon the mechan-
ical and physical behavior of high purity multicrystalline ceramics,

represented in this program by A1 2 0 3 and MgO. The effect of

small quantities of impurities upon the properties of resulting cera-

mic bodies have been seldom explored before, investigations to date
were oriented principally toward the exploration of the effect of dop-

ing constituents upon the transmissibility of electromagnetic radia-

tion mainly in the infared region and the visible region in single
(8-1)crystals, or for the control of electrical properties

The reasons for this lack of information are readily traceable
to a single source: the difficulty of producing truly pure MgO or

A1 20 3 . The most careful methods in current commercial use gen-
erally leave an impurity content of about 400-600 ppm even for

single crystals; in the best polycrystals the impurity concentration
is far higher (except for special laboratory applications where im-

purity levels as low as 100 ppm have been achieved ( 8 " 1) in multi-

crystalline A12 0 3 . ) Impurities at these levels would tend to mask

out any effect that doping constituents admixed in small quantities
may otherwise have on the behavior of these oxides.

Excessive amounts of impurities generally segregate out at the

grain boundaries and, by restricting the motion of dislocation glide

bands across grain boundaries, would restrict the tendency for
plastic flow in the material. Doping elements diffused uniformly

through the crystal lattice are likely to act as a strong pinning

mechanism, substantially raising the friction stress required to

mobilize dislocations or vacancies. The general result of both of
these mechanisms would be to restrain plastic flow while raising

the strength of the host material: in one word, embrittlement.
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This was confirmed by the recent work of Rosenberg and Cadoff(8 2 )

who found that the diffusion of a surface coating of Mg into pure

LiF crystals caused a complete embrittlement of this inherently

ductile material. Fracture occurred without noticeable macro-

scopic yielding (as compared to 3-10 percent over-all plastic strain

in undoped LiF); at the same time the stress at fracture was in-

creased from 1, 500 to '11', 000, psi. While this order-of-magnitude

increase cannot be expected to occur with each doping element

(since in this example a bivalent material was diffused into a mon-

ovalent host substance, raising the valence bonds of the lattice con-

figuration), the general results are indicative of the strengthening/

embrittling effect likely to accompany the addition of doping sub-

stances to otherwise pure ionic materials.

It is conceivable, however, that in inherently brittle materials

some doping elements could exert a beneficial influence; this could

be brought about if impurities restrict the dislocation glide paths to

distances short enough so as to prevent the pile-up of sufficient num-

ber of dislocations to form incipient cracks. The result would then

be analogous to the strength of enhancement attainable through a reduc-

tion in grain size. Also, if impurities can be made to act as a dislo-

cation initiation source, the increased dislocation density nucleated

from sites of impurity ions may impart a measure of ductility to

otherwise wholly brittle materials.

In pursuing these research objectives, the primary need lay in

the preparation of high-purity bodies of multicryitalline MgO and

Al 2 0 3 of suitable sizes to allow for the preparation of test speci-

mens. The techniques developed for this purpose are described in

Sections 2 and 3. A detailed investigation was then undertaken for

methods that would allow for the succe,3ful doping of the resulting

bodies in the pre-sintered and post-sintered state, as well as for

the optimum pressing and sintering techniques required to yield
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specimens of maximum attainable density. Research associated

with this phase of the program is described in Section 4.

Rather complete results were obtained for the density, grain

sizes and flexural strengths of pre-sintered specimens. Time,
however, did not permit a statistical analysis of the data collected,
nor could similar experimen.'. results be developed for the speci-

mens obtained by post-sintered doping techniques.

Z. PREPARATION OF HIGH-PURITY AIzO 3 POWDERS

Attempts were made to prepare a substantially pure A10 3

starting from a number of reagent grade, thermally unstable salts.
Aluminum chloride, aluminum sulfate, aluminum hydroxide, and
aluminum nitrate are the salts that were used; the green and fired

densities of bodies prepared by the various methods are shown in
Table 8-IV. Aluminum oxide specimens that resulted from the

decomposition of either the hydroxide or nitrate were observed to

have unsatisfactory green and fired densities; approaches involving

these compounds were therefore abandoned. The Az0 3 specimens
prepared by the decomposition of the chloride or sulfate of alumi-
num were found to be satisfactory and very similar to each other.

The sulfate proved more difficult to work with than the chloride.

For this reason, AIC13 was selected as intermediate in the prepar-
ation of high-purity A1 2 0 3 from metallic aluminum. The green den-

mities of A1 2 0 3 prepared by calcining AiC 3 at 1250°C, determined
as a function of calcining time, are presented in Table 8-V. It was

found that three hours calcination at 12500C gave essentially the

same results as one hour calcination at 13000C. It was decided to

calcine the chloride at 12500 - 12750C for four hours.

The feasibility of decomposing analum rather than Ai0 3 to
prepare a high-purity Al 2 0 3 was also investigated. An excellent
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high-density Al 2 0 3 was prepared. The alum was obtained as the

residue from the evaportion (to dryness) of a mixture made by ad-

ding reagent grade ammonium sulfate to the aqueous AIC13 solution.

Calcination of the alum was accomplished under the same conditions

as those used to decompose AIC 3 . A temperature of 17500C for ca,

two hours in a vacuum furnace resulted in the highest densities, It

is believed that the use of a vacuum furnace for the introduction of

impurities will be impractical since a number of the additives are

volatile. The results givin in Table 8-VI show that the Al 2 0 3 pre-

pared from the alum is b ,ghtly more dense than that prepared from

AlCl 3  However, the product from the alum calcination was not con-

sidered sufficiently superior to that from the AiCd3 to warrant the

risk of contamination from the ammonium sulfate.

In the final procedure established for the preparation of high-

purity alumina for use in this program, aluminum ingots 99, 999 per-

cent pure were cut into small pieces with a motor-driven saw, Iron

deposited from the saw and other surface contaminants were removed

from the pieces by means of an overnight wash in room-temperature

hydrochloric acid.

The clean pieces of aluminum were then dissolved at ca, 1000C

in reagent grade hydrochloric acid. This was done in Teflon beakers.

The Teflon beakers were suspended in aluminum cooking pans which

we're then filled with oil. The acid solution was brought to a boil,

Distilled water was sometimes added to the acid to speed the dissolu-

tion of the aluminum.

The resulting solution was dried at ca. Z00 0C to yield a residue

of clean, white AlCl 3 ' 6H 2 0 crystals. These crystals were calcined

for four hours at 1250 to 12750C. Particle sizes were found to be one

micron or smaller in the calcined powder.

Table 8-I compares the purity of the Al 2 0 3 prepared by this pro-

cedure with that of other available Al 2 0 3 specimens. Tables 8-I and

8"11 give' results of spectrographic analyses by Harbison-Walker Com-

pany and Jarrell-Ash Company, respectively.
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Table 8-I1

HARBISON-WALKERA SPECTROGRAPHIC ANALYSIS OF THE HIGH-PURITY

A 2 0 3

Impurity Content, ppm
Im purity......... ...Sample I Sample I Sample 2

(unfired) (fired ) (unfired)

Si 1.3 2.1 1

Fe 0. to I 1 0.5

Mg 0. 1 to 1 1.6 0.3

Table 8-Ill

JARREL-ASH SPECTROGRAPHIC ANALYSIS OF THE HIGH-PURITY

Al 2 0 3 and MgO

Impurity Impurity Content, percent

Al 2 0 3  MgO

Na 0.003 0.003

Mg 0.005 .....

Al 0.006

Si 0.001 0.006

Ca nil 0.001

Ti < 0. 002 nil

Cr < 0. 005 nil

Fe 0.003 0.003
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Table 8-IV

GREEN AND FIRED DENSITIES OF Al 2 0 3  PREPARED BY THERMAL

DECOMPOSITION OF VARIOUS ALUMINUM SALTS

Condition Al 2 0 3 Density (g/cc)*

Calcine Temp. Green Fired 1 hr. AiC
0 (1725Oc) 13 .AI 4d 3 A1(OH) 3  Al(Nq )3

1.53 1.31 1.79 1.47115()- _ __ _ _

3.48 3.59 Z.,43 z. 56

1.68 1.84 .72 1.50o
1200

3.67 3.78 2.33 2.58

1300 / 75 1.84 ......

v 3.72 3.77

1400 _1.87 
168 1.99 1.61

- 3.59 3.37 2.24 2.94

* Theoretical density of A 2 0 3 is ca. 4.00 g/cc.

Table 8- V

GREEN DENSITY OF Al.? PREPARED BY CALCINATION OF ALUM.,

INUM CHLORIDE AT 12500C AS A FUNCTION OF CALCINING TIME

Calcination Time, hr Green Density, (g/cc)

3 1.68

18 1.54

24+ 1., 84*

24,+ 1. 77*

*Reagent grade aluminum chloride.

**Aluminum chloride prepared from metallic aluminum at this laboratory.
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Table 8-VI

PERCENTAGE OF THEORETICAL, DENSITY AS A FUNCTION OF FIRING

TEMPERATURE AND TIME

Furnace Temperature, 0 C Percentage of Theoretice.l Density

Gas Furnace Vacuum Firing AIC13 • 6H, A1(NH4 )(SO a )
Furnace Time, Calcined 3 -r Calcined 3 Or

hr at 12500C at lZ50 0 C

1700 ---- 1 91.5 95.0

1750 ---- 1 94.0 94.2

1850 .... 1 92.5 91.8

1750 2 95.2 96.z

Table 8-VII

RESULTS OF SINTERING MgO DERIVED FROM MgC12 ' 6H20

Calcination Sinterinj Sintered Bulk Percent of Theoretical
Sample Temp.,(°C) Temp. (C) Density (g/cc) Density

A1  500 0.80 22.4

B1  700 1500 1.35 37.8

C 1  900 2.48 69.4

D 1  1100 2.40 67.2

A2  500 0.50 14.0

B2  700 1600 1.34 37.5

C2  900 2. 52 70.6

D2  1100 2.28 63.8

A3  500 0.94 Z6.3
B3  700 1700 1. 15 32.2

C3  900 2.57 72.0

D13 1100 2.50 70.0
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3. PREPARATION OF HIGH-PURITY MgO

Considerable difficulty was encountered in the development of

a suitable procedure for the preparation of sinterable, high-purity

MgO powder. It was expected that high-purity MgCl could be ob-

tained readily from the reaction of reagent grade hydrochloric acid

with a commercially sublimed magnesium metal (estimated purity

99.99 percent). Therefore, preliminary sintering studies were con-

ducted of reagent grade magnesium chloride. It was hoped that

MgCl 2 ' 6HzO could be decomposed directly to a sinterable MgO.

Thia possible procedure was investigated with different calcines

of the chloride, but the results were disappointing, as shown in T

Table 8-V11, On the other hand, MgO derived from Mg(OH)2 ex-

hibited excellent sinterability. Magnesium oxide derived from the

hydroxide was found to have the following properties:

Pressed Bulk Density .......... 2. 3 g/cc

Fired Bulk Density ............ 3.47 g/cc

Fired Linear Shrinkage ........ 14 percent

Fired Volume Shrinkage ....... 35. 5 percent

Early results of hydrating MgO obtained from a low tempera-

ture (500 0 C) calcine of MgCI2 . 6H2 0 were encouraging. However,

further work in that direction indicated that at calcining temperatures

less than ca. 9000 to 950 0 C, the hydrated chloride is not easily de-

composed. Compounds such as MgCl 2 and Mg(OH)Cl are found mixed

with the MgO product (Table 8-VIII).

The final procedure established for preparation of high-purity'

MgO circumvents these problems. Reagent-grade ammonium hy-

droxide is added to the chloride solution that results from the disso-

lution of the sublimed magnesium metal in reagent grade hydrochlo-

ric acid. This precipitates the hydroxide and leaves ammonium

chloride in solution. The magnesium hydroxide is separated from

the solution by filtration, washed with a dilute solution of ammonium
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hydroxide in distilled water, and then dried in an oven. The dry

powder is then calcined in an electric kiln at ca. 1050 0 C for 5 hours.

Sintered Al 2 0 3 crucibles were used to contain the powder, Table

8-I gives a comparative spectroscopic analysis of the MgO thus pro-

duced. In Table 8-IX, the effect ot magnesium hydroxide calcine

temperature on the sintering characteristics of the resulting MgO

is given.

Table 8-IX

EFFECT OF Mg(OH)1 CALCINING TEMPERATURE

ON THE SINTERING CHARACTERISTICS OF MgO

(Sintering time, 1 hr)

Mg(OH)Z Time at Percent Theo- Sintering Percent
Calcining Calcining retical of Temp., Theoretical

Temperature Temperature Pressed (oC) Density of
(°C) (hr) Discs Sintered

I Discs

900 3 65.1 1600 95.3
800 3 65.9 1600 93.3

700 3 65.9 1600 85.5
1000 3 60.4 1700 95.3

900 3 67.9 1700 96.4
900 1.5 66.5 1700 95.0

850 3 63.7 1700 95.3
800 3 67.9 1700 95.0

4. SPECIMEN PREPARATION

A. Pressing, Sintering and Cutting Operations

In the preparation of test prisms for modulus of rupture measure-

ments, the high-purity powders are first cold-pressed into discs at a

pressure of 20 tons/sq in. These discs are 2-9/16-in. diameter, and
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ca. 3/16-in. thick. Distilled water is used as binder, 2 percent for

Al 2 O 3 and 5 percent for MgO. Disc-shaped filter paper is used

against the die faces to avoid contamination of the material. Imme-

diately after pressing, the discs are placed under vacuum in a desic-

cator and left for anywhere from 3 to 5 hours. This step was found

necessary to prevent radial cracking of the discs during drying.

The dried discs are next fired in a gas-air kiln. Aluminum

Oxide discs are fired at 17350C (+200C) for 8 hours. For MgO discs

a Z-hour firing at temperatures from 16500 to 1740 0 C is used. Fig-

ure 8-2 gives temperature-time curves for the sintering of the MgO

discs.

Once the discs are sintered, they are cut into test prisms with

a diamond saw, following the layout presented in Fig. 8-1.

B. Doping Procedures

a. Pre-sintered doping of Al 2 0 3

Generally, the impurity is added as the nitrate. A weighed

quantity of the nitrate is dissolved in distilled water. This solution

is mixed with the high-purity Al2 0 3 powder to produce a weight

ratio of moisture to dry powder of 0. 25. The mixture is then

heated at 700 to 8000C for I hour to decompose the nitrate.

The procedure for addition of the tttaniurn impurity is different

in that the titanium oxide is added directly as a powder.

All powder mixtures are ball-milled overnight in plastic bottles

using Lucite balls. The well-mixed powders may then be pressed

into discs as previously described.

b. Pre-sintered doping of MgO

The procedure for doping MgO with impurities prior to sintering

is essentially the same as that used for Alz0 3 . One important
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exception is that the nitrates are dissolved in ethyl alchohol rather

than distilled water. Also, SiO 2 as well as TiO is added directly

as the powdered oxide.

c. Post-sintered doping procedures

To diffuse impurities into a sintered test prism, the prism to

be doped is rolled firmly in a moist (ca. 10 percent H 2 0) powdered

mixture of the impurity and the base oxide (A1 2 0 3 for Al 2 0 3 peci-

mens, MgO for MgO specimens). The mixture contains 5-10 percent

by weight of the impurity. The doping mixture forms a jacket around

the specimen about 1/4-in, thick. Specimens thus encased are fired

in a gas-air furnace at 1650 0 C. Firing times from 3 to 12 hours have

been used. The sintered jacket is removed from the doped specimen

by grinding. Great care must be exercised in the grinding operation

to avoid breakage of the test piece.

5. EXPERIMENTAL WORK

Measurements made of pure sintered Al 2 0 3 and MgO pieces

and specimens doped with impurities before sintering include (1)

density, (2) modulus of rupture at room temperature and 500 0 C,

(3) microhardness, and (4) grain size. Time did not allow these

measurements to be made on specimens doped after sintering.

Density measurements were made by means of a densitometer

that weighs the sample in mercury to determine the volume. Re-

suits are tabulated in Table 8-X for the specimens of A12 0 3 and in

Table 8-XI for those of MgO. Table 8-X1i shows the uniformity in

density of prisms cut from typical high-purity AlZ0 3 discs. Note

the uniformity of the ten prisms cut from one disc (mean deviation,

0. 3Z percent). Note also the specimens cut from a second and

third disc have essentially the same densities as those cut from

the first.
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Table 8-X

AVERAGE FIRED DENSITIES OF A1 2 0 3 SPECIMENS DOPED

WITH IMPURITIES BEFORE SINTERING

Added Impurity Amount Added Density, lo Theoretical
Impurity, g / cm 3  Density

None 0 3.74 93.4

10 3.74 93.4

Fe 10f 3. 73 93.0
2 03 3.77 94. 2
104 3 80 95.0

10 3.68 92.0

102 3. 67 91.7
TiO 2  103 3.72 92.9

104 3.78 94.5

10 3.68 92.0

102 3 68 92.0
Cr 2 O3 03  3 70 92.5

14o 3.68 9%. 0

t0 3 76 94.0

102 3.76 94.0
Na2 O o .o901 03 , 80 5. 0

104 3,78 94.5

10 3.81 95.2

MgO 102 3.83 95. t
I03 3.82 95.5

1_104 1 3.81 95. z
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Table 8-XI

AVERAGE FIRED DENSITIES OF MgO SPECIMENS DOPED

WITH IMPURITIES BEFORE SINTERING

Amount Added 3 % Theoretical
Added Impurity Impurity, Opm Density g /cm Density

None 0 3.53 98.6

Group A 10 33.53 986

10 3, 521 98, 3

10 3.51 98.0

102 3.50 97.8
Fe 2 0 3  Group B 103 3,49 97.4

104  3.50 97., 8

3.102 3. 52 98.3

Gro0u4 3.44 95.8

10 3.51 98.0

Al 0 3 102 3.53 98.6
2 3103 3.47 96.9

_ _0o4  3.46 96,6

10 3.50 97; 8

102 3.53 98.6
Te 2  i 3  3.52 98.3

!04 34 49 97.6

10 3.54 98.9

CrO 3  102 3.53 98.5
103 3.48 97.1

104 3.33 93.0

10 3.51 98.0

Si0 I0 3.50 97.8
10 3 3.51 98.0

104 3.47 96.9
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Table 8-.XII

FIRED DENSITIES OF TEST PRISMS CUT FROM TYPICAL

Al I - 21 CS

Specimen, (disc-prim) Fired Density, (g/cm 3 )

1-1 3.75
1-2 3.76
1-3 3.76
1-4 3.78
1-5 3.77
1-6 3.77
1-7 3.78
1-8 3.74
1-9 3.78
1-10 3.79
2-1 3.76
2-3 3.76
2-5 3.77
2-7 3.78
2-9 3.78
3-3 3.79
3-5 ''3.80
3-7 3.80

Modulus of rupture was determined by bending specimens in

four point loading. A model TTC Instron tensile testing machine

was used. For tests at elevated temperatures, a furnace was de-

signed and constructed to be mounted in the Instron machine. Fig-

ure 8-3 is a schematic diagram of the furnace. Kanthal A-1 resis-

tance elements are spaced over the length of the heating zone to give

uniform heating. The bottom load bearing support pivots in both

diroctions, The arrangement compensates for any warpage of the

test bars. Sapphire rods are used at the contact points. The fur-

nace construction is such that a series of specimens can be loaded

in the furnace and tested at a given temperature. Test bars are

pushed into the hot zone, loadad in the breaking device, broken, and

the pieces removed to the opposite end of the furnace. The breaking

load and the deflection are automatically recorded with the testing

machine.
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Measurements of modulus of rmpture were made at Z5 and

500°C. The test prisms were lapped smooth before they were

tested. Results for A 2 03 specimens are summarized in Table

XIII and Fig. 8-4 to 8-7. The data for MgO specimens are given

in Table 8.XIV and Fig. 8-8 to 8-1Z.

Hardness measurements with diamond indenter showed no

variation in the case of several series of doped Al 2 0 3 specimens.

As a result, hardness measurementm were discontinued. It is

planned to make similar measurements on the MgO samples at

the first opportunity,

A microscope was used to measure grain sie as a function

of impurity content. These data are presented in Tables 8-XV

for Al 2 0 3 and 8-XVI for MgO. On another related project,

some of the high-purity A120 3 made in connection with this re-

search was doped with various amounts of Na 2 0 impurity (added

as 43 -Az0 3 ) ranging from 0 to 1000 ppm. Figures 8-17 to

8-20 are photomicrographs of the fired specimens. Figure 8-17

shows the specimen with no added Na 2 O impurity, Fig. 8-18 that

with 10 ppm, Fig. 8-19 that with 100 ppm, and Fig. 8-20 that with

1000 ppm. The surfaces of the specimens were flash etched at

1850 0 C.
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Table 8-XV

GRAIN SIZE OF FIRED A12O3 AS A FUNCTION OF IMPURITY CONTENT

Amount Added Average Grain Size ( __)

Impurity, (ppm) Non e  TiO2  CrzO3  Na 2 0 MgO

0 16.6 .... ............

10 17.5 15.7 15.9 14, Z

lO ... 18.0 15.5 12.7 16.3
103 20.8 16.3 15.1 11.8
104  49.0 16.6 16.7 13.0

Table 8-XVI

GRAIN SIZE OF MgO AS A FUNCTION OF IMPURITY CONTENT

Amount Added ....... Avera e Grain Size (o) .
Impurity, (ppm) NeF 2 3  A 2 3  T 2  C 2 3  50

0 52. 3 .... .... .......

10 .21.9 16.1 59.7 36.9
102 .... .0 26.0 17.4 59.7 46.1

10 2 5.6 20.0 30.1 38.2
10 --- ... . 3** 23.2 44.5 1.63 15. 3

Groups A and C

Group B
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Fig. 8-1V? Photomicrograph showing flash-etched surfaces
of pressed and sintered high-purity Al 2O0 doped
prior to pressing with 0 ppm sodium oxide as
A-alumina. (0. !60 in. on the photomicrograph
represents 100 micronst on the actual surface.)
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Fig. 8-18 Photomicrograph showing flash-etched surfaces
of presed and sintered high-purity AI 2O. doped
prior to pressing with 10 ppm sodium oxide am

- alumina. (0. 60 in. on the photomicrograph
represents 100 microns on the actual surface.)
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Fig. 819 Photomicrograph showing flash-etched surfaces
of pressed and sintered high-purity A12 0 doped
prior to pressing with 100 ppm sodium oxide as
A-alumina. , (0. 60 in. on the photornicrograph
represents 100 microns on the actual surface.)
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Fig. 8 -20 Photornict'ograph showing flasho-etched surfaces
of pressed and sintered high-purity Al Z0 doped
prior to pressing with 1000 ppm sodium oxide as
.- alumina. (0, 60 in. on the photornicrograph
represents 100 microns oi thc actual surface.)

-366



6. DISCUSSION OF RESULTS

The results have not as yet been analyzed by statistical' rethods

and it is impossible at this state in the investigation to point out a

particular dependence of strength on impurity content that is indepn-

dent of variations in porosity and crystal size. The data indicate

that crystal size in the high purity Al 2 0 3 is not altered markedly by

impurities but porosity Is an important factor. On the other hand,

porosity did not change much in the magnesia samples and the cry-

stal size appears to be a rather important variable.

Powder preparation of Al 2 0 3 resulted in sintered specimens

with large laminar pores. These originated with crystal clusters

that were only partially crushed in the pressing operation, Pores

in the MgO samples were all very small and of minor volume frac-

tion, Compared to values reported in the literature, the strength

of the sintered A12 0 3 is low probably as a result of the porosity.

The strength of the sinte-red MgO compares well with the better

values quoted in the literature.

Of particular interest is the absence or exaggerated grain

growth in the sintered Al 2 0 3 specimens. Exaggerated grain growth

occurs readily in commercial Al20 3 and was observed on the sur-

faces of specimens where commercial Al20 3 has been used as a

setting sand (parting material). Early iW the program this prac-

tice was discarded and exaggerated grain growth was eliminated.

Bubble type, normal grain grc,,th was observed in all samples of

sintered alumina and magnesia on which strength data is reported

here. It is interesting to note that only the specimens containing

I percent TiO2 showed a marked increase in grain size in the en-

tire sintered alumina series, Wide variation of grain size were

noted in the MgO series.

The curves representing the effect of impurities on the strength

of sintered MgO are somewhat misleading. Pure aamples were
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fired with each series of doped specimens in the case of Al 2 03

and hence difference in firing conditions were normalized by com-

parison with the pure specimens. The pure specimens were inad-

vertently left out of the firings of the doped MgO specimens. As a

result, no valid comparison can be made between the pure and

doped MgO specimens.

The effect (71 temperature on the strength of sintered and

doped MgO and At2 0 3 is not complete. Plans have been laid for

strength tests at 10000C for all specimens. it is not rea dily ap-

parent why the strength at 500 0 C should be higher for MgO and

lower for AlzO 3 in comparison to room temperature strengths.

7. CONCILUSIONS

Research carried out on this program cau be arranged into
four distinct areas:

a. Preparation of suitable high-purity A, 2 0 3 and MgO
powders;

b. Establishment of satisfactory procedures for making
pressed and sinterd specimens for bend strength
tests;

c. Development of techniques for doping the high-purity
material with controlled quantities of selected im-
purities both before and after aintering, and

d. Measurement of the modulus of rupture (at room
temperature and 5000C), density, and grain size
in both doped and undoped specimens.

Work In the first area resulted in materials with purities substan-

tially superior to any A 2 0 3 or MgO commercially available as

shown in Tables 8-1 to 0-Il. Satisfactory specimens for bend

strength tests were prepared by cold-pressing and sintering the

pure or doped powders into discs, then cutting the discs into test

' risms of the desired size and shape.
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In the pre-sintered doping phase of this program, impurities

were added either as oxides or as nitrates which were substantially

decomposed to oxides. Amounts of impurities added prior to 6inter-

ing ranged from 0 to 104 ppm. Apparatus for determining the modulus
of rupture of test prisms at temperatures to 1100C was developed on

this project and is described in this report. Data presented for the

high-purity Al 2 0 3 and MgO both pure and doped with impurity before

sintering include: modulus of rupture At 25° and 5000C, density,

and grain size. Although satisfactory methods were developed for

preparing specimens doped with inmpuritlei after sinteringj time did

not permit measurement of the modulus of rupture for such speci-

mens.

8. REFERENCES

8-1 Atlas, L. M., and Nagao, H., "Control of Elec-
tirical Properties of Materials for High Temper-
ature Radomes, 1' WADC TR 59-300, October, 1960.

8-Z Rosenberg, R., and Cadoff, L., "Strengthening of
LiF Crystals by Mg Diffused Surface Regions, 1
Ann. Mtg. of AIME, St. Louis, February, 1961.

- 369 -



TASK 9 - STATIC FATIGUE: DELAYED FRACTURE

Principal Investigator: R. J. Charles
General Electric Research Laboratory

ABSTRACT

Experimental work conducted on this program has definitely
established the presence of static fatigue in Al 0 , confirming pre-
vious investigators' findings, The reaction probbly responsible
for fatiguing action is the hydration of AI 03 by water vapor. Delayed
fracture is manifest either as a drop in a rength at increased loading
durations, or as an increase in fracture strength at increased strain
rates.

The fatigue limit of sapphire appears to be 25 percent of its
control strength at liquid nitrogen temperatures, and the variability
of strength values is conepicuous1y less when the fatiguing process
is permitted to operate than when it is prevented. Moreover, static
fatigue appears to be a thermally activated process, unaffected by in-
trinsic material parameters such as grain size. The delayed fracture
process in polycrystalline Lucalox appears to be similar in nature to
that observed in sapphire, with fatiguing action persisting up to tem-
peratures approaching 1000 C.

A theory of static fatigue has been formulated, and initial cal-
culations were made for the surface energy value of intact sapphire
and its hydration reaction product.
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TASK 9 - STATIC FATIGUE: DELAYED FRACTURE

1, INTRODUCTION

Task 9 consists of a study of the corrosion processes which

affect the long-term strength of single-crystal and polycrystalline

aggregates of Al 203 and MgO, The principal objective of this re-

search program was to obtain information on the identity of the cor-

rosion reactions, their mechanisms, and their total effect upon the

rupture strength of these ceramics.

The most noticeable effect of delayed fracture, or "static
fatigue", is the sharp dependence of observed strength upon the

atmosphere present during the performance of the test, Another
related effect is the decrease in resistance to failure with decrease

in the rate of loading in certain atmospheres, i.e. the observed

strength drops as the time of load application is extended, At zero

rate of loading (dead-weight loading), the observed strength should

be at a minimum, and times-to-failure under a given set of external

conditions may be measured.

Much work along these lines has been clone on inorganic glasses.

Oxide glasses are nearly ideal materials for study of this nature be-
cause of their homogeneity, isotropy, and brittleness, Delayed frac-

ture has been found to depend heavily on strain rate, temperature,

pressure, atmosphere, surface conditioii, composition, and prior

thermal history.

Very little work has been done, however, on crystalline oxides.

Among the first references to the delayed fracture effect in crystal-
line oxides was that of Roberts and Watt, (9-1) who noted in 1949 that

sintered alumina test specimens failed at 5 minutes and 120 minutes

after loading in tension. Wachtman and Maxwell, (9-2) working in

air with single-crystal sapphire, found a definite delayed fracture

effect in most of the dozen samples tested at room temperature.
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Williams, (9-3) working with a low density (3. 84 g/cc) sintered

alumina body, found times-to-failure in air as long as 105 seconds,

depending on the stress level applied; however, the material appeared

to be comparatively insensitive to cyclic fatigue at moderate frequen-

cies of loading. Pearson, (9-4) also working with rather low-density

sintered alumina, found that delayed fracture effects in ordinary at-

mospheric conditions could be largely eliminated by heating to about

3500C, cooling, and testing, all under a vacuum of less than 10 "5 mm

Hg. From this it was concluded that the effect was caused by an un-

specified atmospheric attack acting on Griffith flaws in the stressed

mate r ial.

All of the above investigations were done at room temperature.

At other temperatures, Brenner ( 9 " 5 ) statically loaded sapphire whisk-

ers at 11000C and 14500 in dry Hz and found no evidence of delayed

fracture; these results were inconclusive, however, since the load

was only one-third to two-thirds of the dynamic fiLure stressai, and

load application periods were relatively short, not exceeding sixteen

hours. However, later work in both hydrogen and oxygen atmospheres

demonstrated fatigue in whiskers, with the time to fracture being expo-

nentially related to the applied stress. Charles ( 9 , 6 ) has reported pre-

liminary work on oxides including fused silica, granite, albite, spodu-

meno, hornblende, sapphire, quartz, and magnesium oxide. This

work included both crossbend tests on sapphire and compression tests

on the other oxides, conducted in atmospheres of nitrogen-water com-

binations uvera temperature range of -2000C to 2400 C. It was shown

that minimum strength values were obtained with a simultaneous appli-

cation of stress and corrosive atmosphere. Atmospheres alone had

little weakening effect on stress-free material, even MgO. Of great

interest was the appearance of a definite strain-rate dependency of the

failure stress.

It is clear from this brief review of the subject, that both poly-

crystalline and single crystal alumina exhibit a static fatigue in normal
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atmospheres. It is not clear, however, whether MgO, either in

single or polycrystalline form, exhibits behavior which may be

characterized correctly as static fatigue. It seems(9-6) that MgO

hydrates readily and that hydration with simultaneous plastic defor-

mation can lead to low rupture strengths. It has been, however, the

experience of these authors, and other, (9-7) that standard dead load

tests on single crystal MgO specimens under ordinary conditions

does not give evidence of static fatigue.

In view of these considerations, it was decided that the major

effort of Task 9 should be directed towards a study of fatigue in

alumina ceramics.

2. EXPERIMENTAL APPROACH

To determine whether or not a delayed fracture effect exists

in a given material, it is generally useful to obtain "base level" or

control data, gathered in the absence of fatigue, against which com-

parisons of failure strengths under environments conducive of static

fatigue conditions may be made. The possibilities which exist for

gathering base level data include the following:

a. Conducting experiments at low temperatures to

inhibit the temperature-dependent kinetic factors

which govern reaction rates,

b. Maintaining atmospheric conditions such that an

atmospheric reaction cannot occur, i.e., vacuum

inert atmospheres.

For a given group of specimens, with equivalent severity of

surface notches or micro-cracks, destructiv6 tests may be made un-

der various conditions of load, timo, and environment and the failure

strength values com'pared against a maximum strength obtained under
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either of the above two control conditions, In this manner the sever-

ity of fatigue may be estimated,

A. Dynamic and Static Testin.

Obviously, if fatigue does not occur, the strength of a sample

will be a function only of the applied stress level, but will be inde-

pendent of the duration of loading, Conversely, if fatigue occurs,

the failure strength or observed strength will be a complex function

of the time of load application and the load changes, if any, during

testing, Thus, in principle fatigue data can be obtained from tests

at constant load or constant strain rate, (9-6). Both techniques were

used in the experimental work described here,

B. Atmospheres and Temperatures

It is apparent that water vapor is one of the most influential

atmospheres which cause fatigue in oxides. The raction is gener-

ally the formation of a hydrate. In the case of A1 2 03, the specific

hydrate formed is a function of temperature and pressure, with water

or (OH') groups being lost as temperature increases.

Thus, if the hydration reaction is important in fatigue of alum-

ina, one would expect to emphasize the delayed failure effects by con-

ducting tests at moderate or low temperatures wherein mono- or

multilayer absorptions of water vapor are readily obtainable. (i. e.,

the vapor pressure of water should be at least 0, 4 times the satura-

tion water vapor pressure for the temperature considered,) These

considerations led to a selection of an experimental temperature range

from about -50 C to about Z00 C for the detailed study of fatigue ef-

fects due to hydratib'

It is conceivable that mechianisms dependent on the reduction of

Al 2 03 to sub-oxides by hydrogen could result in static fatigue. Such
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a reduction reaction is known to result in the formation of alumina

whiskere at high temperature,, and it is possible that similar mass

transport processes may change micro crack geometries such that

a stressed specimen may experience a time dependent failure, For

these reasons it was considered necessary to perform further ex-

periments with Al 2 03 at temperatures in excess of 8000C in hydrogen

atmospheres to determine whether or not a reduction reaction could

lead to fatigue.

3. MATERIALS

The specimens used in this investigation were both single-

crystal and polycrystalline Al0 3 '

A. Saphire

Al 2 03 single crystals were obtained from the Linde Company,

and consisted of random lengths of ground rod from which specimens

of appropriate size were prepared, Diameter of these specimens

was 0,070 + .0003 inches, To insure that proper correlations be-

tween these specimens and the 0. 125 inches specimens used through-

out the other Tasks could be made, a number of these larger speci-

mens were obtained and their bend strength values were compared

with the .070 inch material. Correlations were exact within a few

percent,

The use of sapphire presents certain special problems. The

material itself is made by the Verneuil process, and is rarely com-

pletely free of the spherical air bubbles which are trapped during

the process. Careful selection of specimens must be made to exclude

such faulted material. Internal strains are to be expected due to

the discontinuous manner in which material is added to the growing

boule. Annealing after manufacture (details unavailable) Is done to
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help lessen the effect of these strains. And finally, the individual-
istic nature of each rod must be taken into account, for each rod

experiences somewhat different conditions during its growth, such

as temperature fluctuations and different seed stock. Because of

these inherent sources of non-uniformity, it was decided to use

numerous individual rods in each test and report the averages of

results obtained, rather than try to compare the properties of indi-

vidual rods under a given range of conditions.

Sapphire presents further problems because of its anisotropy.

In bending, the effect of specimen orientation with respect to the

optic axis is especlally important; it has been reported (9-9) that

loading parallel to the optic axis results in observed strengths

nearly three times as high as loading perpendicular to the axis.

It was decided to use one standard orientation throughout testing,

with the load applied normal to the intersection of the neutral sur-

face with the basal plane, which intersection was in turn perpendi-

cular to the specimen rod axis (9-1). This position corresponds to

a maximum extinction position in polarized light when the rod axis

is parallel to the vibration plane of one of the crossed polarizing

prisms.

Boules grown by the Verneuil process as a rule do not have

their optic axis parallel to the boule axis; similarly, the rods made

from them have their optic axes tilted at some angle from the rod

exis. The effect of the growth angle on mechanical properties is

quite large, as seen by modulus of rupture values reported by Linde

(Table 9-I; test conditions unknown). The angle is usually measnred

at 4, the angle between the optic axis (normal to the basal plane

0001) and the longitudinal rod axis, The preferred growth direction

is near 600 according to the manufacturer, In order to check the

orientations of samples received, a device was constructed to mea-

sure the values of i for the samples by optical principle.. Some
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specimens were also oriented by X-ray techniques, partly as a

check on the optical method. Figure 9-2 demonstrates the angu-

lar distribution of for some 200 samples checked to date, This

distribution is similar to that of Wachtman and Maxwell (9-1, 9-10)

whose , "% is the complement of , Only these samples falling in

a narrow zone around 600 were used in this investigation. It is of

interest that some 10 percent of the off-the-shelf samples received

from the manufacturer were rejected in this manner; this percen-

tage of non-standard specimens could seriously affect the results

of almost any testing program.

Table 9-I

MANUFACTURERS ROOM-TEMPERATURE

STRENGTH DATA FOR SAPP4IRE

t....deg Modulus of Rupture

3_ 100,000

45 78,000

60 65, 000

75 94,000

All specimens were cleazted before testing to remove oil from

the skin, dust, immersion oils, and other contarninants. The rlean-

ing process consisted of a series of baths of toluene and acetone,

interspersed and concluded with distilled water rinses. Specimens

were dried and stored in cardboard until ready for use.
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B. Polyc rystalline A1203

Lucalox was used throughout the investigation. The type of

testing done by this Task required a different specimen size and

shape from the dog bone type. Therefore, polycrystalline samples

were extruded to order, prefired, and finally sintered to the re-

quisite degree of density and strength. In order to insure that the

rod specimens used had the same surface grain size and strength

characteristics ,as the specimens used in the other investigations,

some preliminary work was done on the relationship between the

density, grain size, and observed four-point bend strength of the

material. Figure 9-3 shows the results of this preliminary work;

each point represents twenty to thirty individual tests, performed

ata constant strain rate of 1 4 x 10'" min' , in air at room tem-

perature. Density was measured by standard displacement methods.

Figure 9-3 ;shows that essentially full density is achieved

above 30 micron grain size. The lower-density material may be
likened to high-purity commercial Al 2 03 , with the reservation

that the grain size is more uniform in the Lucalox Material used

throughout the major portion of the work rangeed 30-40 microns in

grain size, with a corresponding strength of about 45, 000 psi under

the cited conditions. The microstructure (of the standard Lucalox)

is presented in Fig. 9-4.

All polycrystalline material was tested in the am-fired condi-

tion. No particular preparation of the surface was made, other

than the pretest cleaning by consecutive washes in toluene, distilled

water, acetone, and distilled water, as before.

4. EXPERIMENTAL METHODS

The equipment and fixtures used in this investigation were de-

signed to test the material in two ways,- dynamic bending and static

bending.
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1~i*9-4a

Fig. 9 -4 MICROSTRUCTURE OF STANIDARD LUCALOX TEST MATERIAL
(Average Surface Grain Size of 30-40 )aM) (a) 75x, (b) 500x;
1-3 PO4 10 min. Overetrchinhg of grain boundaries has occurred in (b).
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A. _Dynamic Bending

Dynamic bending consisted of four-point bending with a con-

stant train rate applied to the gage section of the specimen.

Four-point bending was selected because of the constant moment

it exerts across the inner span. Because of the brittle nature of

the specimens, and their small deflections prior to fracture,

stresses were computed from the sinple beam formula of or - Mc/1,

An Instron testing machine was equipped to allow for dynamic

tests at temperatures up to 11500C in va-rious neutral or reducing

atmospheres. This consisted of a mr'olybdenum bend fixture which

could be used in air or encased within a stainless steel jacket f6r

other atmospheres. A triple-wound Kanthal furnace surrounding

the jacket provided heat for higher temperatures, and a Styrofoam

case surrounding the jacket permitted low temperature tests using

liquid Yo,' ogen. Temperature in all cases was controlled by three

chromel-alumel thermocouples within the bend fixture itself, and

could be held to within + 100C of the normina-l valve 'at all tempera-

ture s.

In view of the large number of'tests required for the program,

it was decided to construct a fixture to permit the simultaneous

testing of up to twenty specimens per run. Figure 9-5 shows the

multiple-specimen molybdenum loading fixture. Specimens are

loaded at four points as the oitter fixture moves past the inner one.

Loading spans are 1. 20 x 0. 70 inches, respectively. Although sub-

sequent modifications have been made, '% principlu of the apparatus

remained unaltered. During tests involving sapphire, orientation

was achieved by winding the specimens with three wraps of . 010 in.

nickel wire, and allowing the weight of the wire to keep the speci-

men oriented correctly. 'rt of tl'e wire i specimen strength

appeared to be negligible, fracture seldom occurred at the point

of wire contact,
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Fig. 9-5 MOLYBDENUM HIGH TEMPERATURE
TEST APPARATUS

Fig. 9-6 LOW-TEMPERATURE AUTOCLAVE
TEST APPARATUS
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-5Vacuum atmospheres to 10' nm Hg were developed by means

of a mechanical fore-pump and an oil diffusion pump, and were mea-

sured by a standard thermo-couple gauge. "Wet" hydrogen atmos-

pheres and saturated air atmospheres were obtained by bubbling

these line gases through several water bubblers and a detraining

flask. Dry hydrogen atmospheres were produced initially by using

commercial pure tank hydrogen. In later experiments dry hydrogen.

was procured by putting line hydrogen through oxygen, liquid nitro-

gen, and dessicant. traps.

B. Static Bending

Static bending consisted of four-point bending, with the load

being applied nearly instantaneously in the apparatus shown in

Fig. 9-6. The heating jacket shown on the autoclave permitted the

use of saturated steam atmospheres up to 200 psi. Ten specimens

at a time can be tested in this fixture. A relay-contact system per-

mits teimes-to-failure to be read directly from the series of clocks

shown, to an accuracy of + 5 seconds. A Styrofoam jacket permits

testing in any atmosphere down to - 150°C, using liquid nitrogen.

Weights may be adjusted-to permit any desired stress level to

be applied to the specimen. Outer and inner spans are 3.75 and 1. 0

inches, respectively.

5. FATIGUE FAILURE THEORY

Charles and Hillig' 9 8 have presented a theory of fatigue in

which a material with the properties of an elastic continuum is con-

sidered..to react chemically with its environment such that mechanical

failure may be attributed to the alteration, by the dissolution or cor-

rosion reaction, of the geometries of pre-existing flaws or cracks on

the solid surface. The important point'in this theory is that the reac-

tion rate is dependent not only on local chemical conditions but also
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on the local state of stress of the material. It is obvious, there-

fore, that the geometries of surface cracks would determine local

instantaneous reaction rates. It is also clear that certain condi-

tions of stress, temperature and environmental atmosphere may re-

sult in a continued enhancement of the stress concentrating ability

of a given crack and thus lead to spontaneous crack propagation.

Failure is thus dependent on time. The important conclusions of

the above theory are illustrated in Fig. 9-7; the theoretical para-

meters governing fatigue may be obtained from experimental data

plotted to represent a normalized fatigue curve. These parameters

include the theoretical strength of the material, 'th; an activation

volume referred to a uniaxial stress, V the surface energy, r
between the unreacted solid and its reaction products; the molar

volume of the material, VM; the initial length, L, of a critical flaw;

the strength of the specimen in the absence of fatigue, SN; and the

limiting fatigue stren&th of the material in its environment, SL.

Although the above theory was developed for an isotropic

material.it is intended, in the present work on alumina, to conduct

fatigue experiments to determine whether or not a typical fatigue

curve, as illustrated in Fig. 9-7 may be obtained. If such proves

to be the case then the parameters listed above may have important

mmeaning regarding the kinetics of the fatigue process in alumina.

6. EXPERIMENTAL RESULTS FOR SINGLE CRYSTAL ALUMINA

A. Base Level Strength of Sapphire

Table 9-11 lists the liquid nitrogen and room temperature bend

strengths of sapphire crystals in which the base planes exhibited

two different orientations to the specimen axes.
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I

Table 9-I1

EFFECT OF BASAL PLANE ORIENTATION AND TEMPERATURE

ON OBSERVED BEND STRENGTH OF SAPPHIRE

OrientationN Temprature, Atmosphere Rupture
Teats C Streng, psi

Zero-degree 10 25 Air 102,000
.070-in. diam.

Zero-degree 20 -196 Liq. N 2  170,000
.070-in. diam.

600 9 25 Air 54,600
.070-in. diam.

600 .11 -196 Liq. N Z  73,900
• 070-in. diam.

600 11 25 Air 59,800

. 125-in. diam. _

600 9 -196 Liq. N2  75,100
. 125-in. diam.

It will be noted that the strength of the zero degree rods is

approximately twice that of the 600 specimens, in both test condi-

tions. This shows a very real effect of the variation of the angle

as discussed 'earlier. The close correlation of strength of the

two -different sizes of specimens is also evident.

B. Constant Strain Rate Tests on Sapphire

Table 9-I11 lists the presently available data on the testing of

sapphire rods in four point bending under various atmospheres and

at various temperatures.
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Table 9-III

CONSTANT STRAIN-A TESTS ON SAPPHIRE SINGLE CRYSTALS

= 3x 10- 4 in. /in. /min

N = number of tests

& = average failure stress x 10' 3 psi

v = coefficient of variation

Tempgrature, Sat. Air Dry H2  Wet H, Vacuum Liq. N
-C Vaum Li.N

-196 N 12
4% 70.7
v 11. 3%

Room N 18 15 14 18
a 38.8 45.9 39. Z 59. Z
v 19.6% 9.4% 21% 12.5%

Z00 N 14 12 11
a 41.3 38.0 54.1
v 11.6% 14% 10.8%

500 N 10
d, 48 !
v 12%

850 N 12
dI 54.0
v 14%

Results to date are insufficient to draw any conclusions but the
limited results, plotted in Fig. 9-8, indicate that the single crystal

results may parallel those obtained for the polycrystalline material

(Fig. 9-12),
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C. Static Fatigue Testo on Sapphire

Table 9-IV lists the available data on the testing of sapphire

specimens under static load. Figure 9-9 is a plot of the above data
in the manner indicated by Fig. 9-7. Although no complete curve

for any one temperature has as yet been determined for sapphire

specimens, some estimates of the fatigue parameters, as outlined

in a previous section, can be obtained from Fig. 9-9.

7. EXPERIMENTAL RESULTS FOR LUCALOX

A. Strength Versus Grain Size and Testing Rate

Figure 9-10 illustrates the effect of grain size and strain
rate on the strength of the Lucalox alumina specimens selected as

'standard for this investigation. This figure also includes the

stre~igth-g'rain size dependence for tests at liquid nitrogen temper-

ature. It is clear that a fatiguing effect is illustrated by these

results for, in general, the strength of Lucalox tested at , strain

rate of Z. 7 x 10- 4 min "1 is approximately Z0 percent less than

that tested at a strain rate of 1. 4 x 10" min"1 and 30 percent legs

than the base level strength determined at a liquid NZ temperature.

Within the limits of accuracy of thje data it would appear that al-
though grain size affects the base level strength, it does not alter

the fatigue effects that are obse'ved.
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B. Constant Strain-Rate Tests on Lucalox

Talble 9-V lists the results of constant strain rate experiments

on the standard Lucalox specimens in various atmospheres and at

various temperatures.

Figure 9-11 illustrates the normalized vacuum strength of

Lucalox as a function of temperature and the normalized Young's

Modulus of polycrystalline A10 3 over the same temperature range.

The similarity of the curves indicates that the fall off of stength of

alumina in vacuum with increased temperatures may probably be

attributed to the changes in theoretical strength as reflected by the

changes in modulus with increased temperature.

Figure 9-12 illustrates the effect of dry hydrogen and wet hy-

drogen (saturated at room temperature) on the strength of alumina,

It is evident, especially at the lower temperatures, that wet hydro-

gen fatigues A12 03 - This fatigue effect becomes less and less pro-

nounced at increasing temperature, until at 1000 0 C no fatiguing action

can be discerned.

It is difficult to explain the slight but observable fatiguing

effect of dry hydrogen, At this time, the only plausible explana-

tion appears to be the possible uncertainty of "dryness" within

the testing chamber during test, althought the inlet hydrogen had

a quoted dewpoint of about -60°C. Again, under dry hydrogen, the

slight fatigue effect disappears at 1000 0 C.

C, Room Temperature Static Fatigue of Lucalox

Table 9-VI lists the presently available data for static fatigue

(room temperature) on Lucalox. Data to date are insufficient to

permit any conclusions to be drawn-
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Table 9-V

CONSTANT STRAIN-RATE TESTS ON

STANDARD LUCALOX SPECIMENS

-- 3x 104 in, /in, /min

N = number of tests
d" = average failure stress x 10 "3 psi

v = coefficient of variation

Tererature, Sat. Air Dry H2  Wet HZ  Vacuum Liq. N2
C

-196 N 11 20
73,0 66.5

v 12. 3% 1'3. 2%

Room N I I I 1 10 11
,Y 46.5 52.3 44.9 65
v 5% 5.9% 6.8% 9%

200 N 11 9 34
d 48.4 42 57,2
v 7.8% 7.4% 12. 8%

350 N 10 19 1z
c 47.6 39 56,3
v 4,3% 8. 9% 6. 1%

500 N 11 10 i1
d 50.4 43.4 56
v 9. Z% 5. 2% 6%

700 N 10 9 12
d 48.3 44 53.2
v 3.316 10. 2% 5. 5%

850 N 14 11 9
d 51.4 47.5 50.5
v 6. 1%6 8.4% 8. 5%

1000 N 10 9 10
5.8 52.7 47,2

v 10.3% 9.8% 14.4%
1150 N II

d 42.0
v 13,6%
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8. CONC LUSIONS

The results reported in previous sections, while still incom-

plete, confirm and extend previous investigator t s findings that

A12 03 , both in single and polycrystal form, is subject to static

fatigue. From these limited results a number of general conclu-

sions may be made.

(a) The reaction responsible for Gigue is probably one in

which water vapor from the atmosphere combines with the alumina

to form one or more of the many possible hydrated states of Al 03 .

(b) As far as typical mechanical tests are concerned, the

fatigue process in A12 03 manifests itself in the same fashion as is

observed for other materials (aj., glass). Firstly, one observes

delayed failure of alumina specimens at constant load in which the

average failure time is a very strong function of the applied stress

(Fig. 9-9). Secondly, the failure stress, at constant loading rate,

increases with the absolute value of the loading rate (Fig. 9-12).

Lastly, the coefficient of variation of failure stresses is consider-

ably less when the fatigue process is permitted than when it is pre-

vented; as illustrated by the data in Table 9-V, the coefficient of

variation at liquid nitrogen temperature (fatigue process prevented)

is around 13 per cent, whereat the mechanical tests under wet hydro-

gen (fatigue process permitted) generally show coefficients of varia-

tion of around 5 - 6 percent.

(c) The fatigue limit stress (SL) for sapphire is about 0. 25 SN

(Fig. 9-9) where S N is the control strength of the material in

liquid N2 , devoid of any weakening due to fatigue mochanisms. The

ratio SL/S = 0. 25 for sapphire is slightly higher than that for the
glasses (9=-')- (i e.., 0. 15).

(d) The fatigue reaction of sapphire is a thermally activated

process. Its rate constant at room temperature sufficiently large so
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that in a saturated water vapor atmosphere, only stresses near the

fatigue limit will permit delayed failure times sufficiently long for

easy measurement (i, e., greater than one second), As noted in

Fig. 9-9. it was necessary to reduce the temperature tc -35 0 C for

static fatigue testa on sapphlee to obtain satisfactory measurable

delay times at stresses near one-half the base level stress,

(e) With an essentially inert gas (H 2 ) saturated with water

vapor at room temperature, the fatigue reaction in Lucalox alumina

is sufficiently strong to give ev- .nce of fatigue up to temperatures

app.,oaching 10000 C (Fig. 9-1),.

(f) As indicated by Fig. 9-10, the fatigue mechanism in

Lucalox does not appear to be affected by the grain size of the ma-

terial.

It is well to elaborate somewhat on this point for, within the

initial planning of the overall program, Srcat consideration was given

to the manner in which the data obtained on the el~ecial samples re-

quired by Task 9 could be correlated with data on different samples

used by other investigators in the program. The necessary correla-'

tion proves to be relatively simple and results from the following

argument.

The intrinsic strength of a brittle ceramic body fs subject to

constitutional variables such as grain size and distribution, surface

treatment, and the area of sample under stress as well as the vari-

ables introduced by test arrangements. As has been shown in the

previous data, the intrinsic strength of an alumina apecimen, of arbi-

trary preparation and shape, may be reduced if the environment per-

mits a fatigue reaction. Prevention of this fatigue reaction by testing

at reduced temperature, however, allows a measurement of the in-

trinsic or control strength of this specimen. Since the data already

obtained (Fig. 9-9) indicates that the maximum reduction of the in-

trinsic strength of alumina by corrosion fatigue is approximately 75
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percent one can, in principle, obtain the approximate fatigue limit

stress of any specimen of alumina, tested in a water containing at-

mospherei by first determining the control or base-level strength

at low temperature.

Although the static fatigue data on single crystal sapphire, as

illuatrated in Fig. 9-9, is incomplete, some very rough estimates of

the fatigue parameters identified in Fig. 9-7 may be made. The

slope of the line joining the two points for fatigue experiments at

-35 C is about -5, so that by reference to Fig. 9-7, (V*/RT) dth

w 5(2. 3). The modulus, E, of sapphire at this temperature is

approximately 50 x 106 psi and thus one would estimate the theoret-

ical strengthi dth, of sapphire to be about E/5 or 107 psi. Convert-

ing to the desii ad units, the activation volume V (referred to a

uniaxial stress), for the corrosion reaction resulting in fatigue, is

about 0. 5 cc/mole. This is a rough estimate but it corresponds well

with typical valutz such as the activation volume for carbon diffu-

sion in iron (referred to a hydrostatic stress) which is about 0. 5

cc/mole, and the activation volume for alkali metal ion diffusion

in silicate glasses (referred to a hydrostatic stress) which is about

4. 0 cc/mole.

The fatigue limit for sapphire, SL/SNo is estimated as about

0. 25 from Fig. 9-9, and utilizing an estimated molar volume of

sapphire, VM, of 25 cc's and an estimated critical crack length, L,

of about 2 p, the surface energy between the unreacted alumina and

its corrosion product is calculated as about 50 ergs/cm At this

stage of the analysis of the corrosion reaction it is impossible to

state whether or not this is even a reasonable value.

One further estimate of interest may be made to illustrate the

object of s6me experiments presently underway. At the beginning of

the static fatigue experiments on sapphire a single trial experiment

on 10 samples was tried at room temperature in a saturated water
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vapor atmosphere at a load corr-esponding to a S/SN value equal to

0. 48. When the load was applied failure of eight of the samples

occurred almost instantly. We estimate the average failure time

at one second. In Fig. 9-9 the average failure time for a load cor-

responding to S/SN = 0. 48 at ,35 0 C is estimated at about 7 minutes.

This data is sufficient to illustrate how a temperature dependence of

the fatigue reaction may be made for, on an Arrhenius basis,

log 420 = A * /I I

where A* is an activation energy and R is the gas constant. The cal-

culated value of A is thus equal to about 14 kcals/mole. Such a

value is not unreasonable for a low temperature hydration reaction

of an oxide.

The foregoing calculations are given primarily to illustrate

the type of analysis the author desires to perform when full andI I

complete Oxperimental data on the delayed failure of alumina will

have been obtained.
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TASK 10 - EFFECTS OF THERMAL-MECHANICAL HISTORY ON
THE MECHANICAL PROPERTIES OF MAGNESIUM OXIDE CRYSTALS

Principal Investigator: R. J. Stokes
Honeywell Research Center

ABST RACT

The principal objectives of this study are the determination
of the mechanical behavior of ceramic oxide crystals as affected
by their prior mechanical and thermal histories. It has been
shown t7tat the mechanical strength and ductility of MgO single
crystalt is determined singularly by the availability and opera-
bility ol fresh dislocation sources. Such dislocation sources ex-
ist in all normally handled "as-received" material, which char-
acteristically yield at a stress of about 10, 000 psi.

"Grown-in" dislocations, however, are locked very strongly;
specimens carefully polished chemically to remove all surface
sources withstand extremely high stresses without yielding. An
anneal at 2000°C further increases the locking of grown-in dislo-
cations.

The strength of as-received crystals sprinkled to introduce
fresh dislocations, declines continuously with increasing temper-
ature. However, crystals pro-annealed at Z000°C and sprinkled
exhibit a local maximum in strength about as0 °C--both as-received
and pre-annealed crystals show a change in yield behavior to Jerky
flow about 600 0 C.

Mechanical pre-strain at high temperatures softens as-received
crystals, but hardens crystals pre-annenled at Z0000C in the tem-
perature range about 600 0 C.

Etch-pit studies reveal that an anhiaton a dislocations by
annealing begins above S00°C, confirming the recent findings of
other investigators.
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TASK 10 - EFFECTS OF THERMAL-MECHANICAL HISTORY

1. INTRODUCTION

The principal objectives of thism task Is to determine the me-

chanical and thermal histories. The study is concerned with two

distinct &reas; first, to compare the mechanical behavior of

crystals containing only their grown-in dislocations with crystals

containing controlled surface dislocations sources and, second,

to determine the effect of heat treatment and past history on both

of these extreme situations. Work to date has been concentrated

exclusively on MgO crystals.
0

One of the most interesting properties of ionic solids of the

rock salt structure is that under normal testing conditions,

"Grown-in" dislocations appear to play no role in their plastic

deformation. This was first reported in the etch-pit studies on

LiF by Gilman and Johnston(10 -1), and is true also for MgO.

The dislocations which are generally responsible for plastic flow

in ionic crystals get forced into the crystal during cleavago and

later at points of mechanical contact. Gilmani l ()) has shown

that the stress intensification factors associated with foreign par-

ticles under points of contact raise stresses beyond the theoretical

shear strength of the lattice, and thereby inject dislocation loops

into the surface of MgO by sprinkling with tiny hard particles of

silicon carbide (1 0 - 3 ) . A consequence of these observations, es-

tablished experimentally in the present work, is that there shovld

be a marked increase in the mechanical strength of crystals once

all surface dislocation sources have been eliminated. MgO is par-

ticularly suited for this kind of study since the crystals are very

strong and may be cleaved at room temperature and manipulated

carefully by hand without propagating slip dislocations deep into
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their bulk. Certainly, surface dislocations are introduced, but

they generally penetrate only a few microns and can be easily re-

moved by a chemical polish. It will be shown that the presence of

just one or two so-called "fresh" dislocation sources remaining at

the surface has a striking effect on the strength, ductility an4 frac-

ture behavior of magnesium oxide. In this respect mechanical his-

tory is a most significant factor.

Under special. conditions "grown-in" dislocations can be made

to move and initiate slip in LiFi104"). The special conditions con-

sist of applying a high stress pulse to crystals which have been

annealed between 300-400 C and quenched as quickly as possible.

It is considered that the heat treatment evaporates impurities as-

soc~ated with "grown-in" dislocations and makes these dislocations

effectively "fresh" and relatively easy to move under a high stress.

Recent transmission el6ctron micrographs have indicated that

"grown-in" dislocations in magnesium oxide are likewise invari-

ably associated with tiny precipitate particles strung along their

length 104, l0-5). May and Kronerg 10 6 " following a study of

the effects of heat treatment on the strength of magnesium oxide,

concluded that softening by annealing and quenching was due to the

the evaporation of impurities from the dislocations. In this re-

spect thermal history may be an important factor in determining
the mechanical behavior of magnesium oxide. However, before

the true effect of heat treatment can be studied, it is necessary to

eliminate any error due to variation in surface dislocation density.

For this reason we have standardized two surface conditions and

studied the effect of heat treatment on both (a) crystals polished

and handied so carefully that only "grown-in" dislocations remain,
and (b) crystals sprinkled with silicon carbide and pro-loaded at

room temperature to introduce a high density of fresh surface dis-
locations.
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Finally, we have considered other ways by which "grown-in"

dislocations may become unlocked to provide sources for slip.

One of these is currently under study and concerns the application

of a fluctuating rather than a static stress to the crystal.

All of these studies have been conducted in terms of the stress-
strain relationship under tension and bending, the etching behavior

of individual dislocations and the fracture mechanism. It wilt be

shown that the mechanical behavior following different mechanical
and thermal histories can always be correlated with the density

and distribution of available dislocation sources.

2. EXPERIUZNTAL PROCEDUREC

The essential feature of the experimental procedure was

extreme care in handling during all phases of preparation to avoid

the introduction of uncontrolled "fresh" dislocations. Tests to de-

termine the mechanical properties of crystalz containing grown-in
dislocations only were conducted both under 3-point loading and

simple tension in the Instion machine (loading rate generally . 002

in. per min).

For the bending tests, single crystal beams were cleaved to

the appropriate dimensions (1/4 in. x 1/8 in. x I in.) and chemn-

cally polished until no surface dislocations remained. This was

determined by etching the polished crystals and examining them

thoroughly for the sharp etch pits characteristic of "fresh" dislo-

cations (see later). When satisfactory they were given a further
final polih before testing. UnfortWately these tests suffered a

limitation in that the crystals were generally so strong that crush-

ing at the upper load point caused them to shatter prematurely. To

overcome this limitation it was ne'essary to use a method of loading
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which avoided contact in the gauge length. Four-point loading and

simple compression offered no advantage, the only straight forward
method available was simple tension.

A number of successful tension tests were performed on cry-
stals into which reduced gauge sections, typically 3/S in. long and

05 in. square, were machined either by ultrasonic or chemical

reduction techniques. Chemical reduction was achieved by coating
the grip ends of a specimen with a resistive plastic and immersing

it in boiling acid for about 30 minutes. Following either method of
reduction it was necessary to polish the whole crystal for a further

30 minutes to ensure the complete removal of surface dislocations.

The crystals were mounted carefully in split grips with a single

component thermal setting epoxy (Fullers Resiweld No. 106). This
particular epoxy was very satisfactory: it was easy to apply, it

wetted both magnesium oxide and steel and provided a very strong

bond. The stres distribution during loading was assessed with
stress birefringence techniques and was remarkably uniform through-

out the gauge length.

The effect of heat treatment was studied only under bending.

There were three types of tests. In the first, chemically polished

crystals were annealed for 1/2 hr at various temperatures up to
2000°C and fast or slow cooled. Those maintained at 600 0 C, 800C,

1000°C and 1200°C were fast cooled by removal fromi the air furnace,

those at 15000C and 20000 C were fast cooled in the heiium atmosphere
of a carbon furnace by switching the power off and increasing the gas

flow rate. All specim. ens reached room temperature in 10-15 min.

In the second type of test, crystals were given a preliminary

anneal at 20O°C for l/Z hr, then sprinkled at room temperature,

with silicon carbide and loaded until macroscopic yielding could just

be detected. This introduced short slip band segments of "fresh!'
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dislocations into the crystal 10  3. Crystals prestrained in this

fashion were annealed at various temperatures for different be-

havior and dislocation density. The reason for the Z0000°C pre-

liminary anneal was two-fold; first it standardized the starting

condition and second, it provided a clear background against which

etching studies could be conducted with greater reaolution (see

later).

In the third type of tent, crystals were sprinkled and pro-

loaded at room temperature and then the deformaton was contin-

ue'd at a higher temperature. Temperatures up to 1000OC could

be reached with a small furnace placed around the specimen in the

Instron. The specimen can slowly up to temperature and was al-

lowed 1/4 hour at temperature to achieve equilibrium before load-

ing. After a small amount of strain at the high temperature the

test was recontinued later at room temperature,

A few tests have been conducted under fluctuating stress,

To date these have been half cycle, i.e., tension-unload, and

have been performed on conventional tension type specimens in

the Instron.

In an attempt to understand the effects of heat treatment and

restressing on the behavior of individual slip dislocations and slip

bands, considerable use was made of etch pit techniques. There

were many alternative procedure; each giving a different type of

information, dependent upon the stage selected for etching and

whether an intermediate polish was used to erase old etch pits.

For example, comparing an etched surface before and after an-

nealing with or without an intermediate polish provided informa-

tion on the effect of the anneal. Comparison could be made photo-

graphically or by cleaving a crystal in two and retaining one-half

for reference. Similarly, etching before and after the final load-

ing was used to identify the reactivated dislocation sources which

contributed to the subsequent deformation.
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During all annealing, polishing, handling and etching treat-

ments, it was essential to support the specimens at their ends
only, otherwise mechanical contact within the gauge length led to
completely erroneous and non-reproducible observations.

3. THE STRENGTH OF CRYSTALS CONTAINING "GROWN-IN"

DISLOCATIONS

A. Tension Tests

Tests were conducted on carefully polished crystals under

both bending and simple tension. For convenience the tension

tests will be described first. They are summarized in Fig. 10-1

and Table 10-I where the quoted stresses are absolute tensile
stress, not resolved shear stress . Table 10-I includes data

on the specimen size, maximum stress supported and mode of

deformation and fracture.

In all cases (excluding specimens 10 and 11) the specimens
behaved absoiutely elastically up to their maximum stress, the

value of which could be extremely high. Under polarized illum-
ination the gauge length of the crystals changed uniformly and

gradually through the color spectrum as the stress birefringence

increased. The highest stress value was measured on the bi-
crystal specimen, 109, 000 psi. This particular specimen pulled
out of the grips without yielding so probably an even higher value

was possible. Five of the single crystal specimens (No. ' Zt 3,

4, 5 and 6) pulled out of the grips prematurely. It was found that

their gauge length returned to complete extinction under crossed

polaroids, indicative of zero residual atress and, therefore, elas-

tic behavior under load.

* No significance should be attached to the modulus of the curves
in the elastic region since the slope im purely arbkra ry.
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Table 10-X

TREATMENT AND MECHANICAL BEHAVIOR OF MgO

SINGLE CRYSTALS

Specimen Cross-Sectional Maximum Mechanical Behavior
No. Area, (sq. in.) Strees,(ps e

1 0.00625 42, 300 Filled with slip. Frac-
ture at slip intersection.

2** 0. 00305 53,000 No slip. Pulled out of
grips at 53,000 psi.

3** 0. 0046 55, 950 Do. at 55, 590 psi.

4 0. 00455 56, 000 No slip. Fracture at
surface flaw.

5* 0.00135 72,800 No slip. Pulled out of
grips at 72, 800 psi.

6* 0.0012 83,700 Do. at 83, 700 psi.
7* 0.00175 71, 700 Filled with slip. Yield

at 16, 700"pi. Fracture
at slip intersection.

8 0. 0046 37, 950 Do. Yielded at 17, 800
psi.

9 0. 0040 36, Z60 Do. Yielded at 17, 400
psi.

10 0. 0045 17, 500 Slip in crystal before
teat. Yielded. Frac-
ture at slip intersectio.

11 Oe005 11,000 Slip sources introduced
deliberately, Yielded.
kracture at slip inter-
section.

Bicrystaf, 0.0018 109, 000 No slip. Pulled out of
grips at 109, 000 psi.

Chemically reduced gauge section.

*Annealed at 20GO°C for 1/2 hr before test, slow cool,
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Specimens 1, 7, 8, and 9 behaved elastically up to their max-

Imum stress at which level they suddenly filled with a burst of

slip on a number of intersecting planes. This was accompanied

by a large stress drop. Specimen I fractured instantaneously due

to slip band interaction and appeared completely brittle while the
other three continued to deform plastically at a stress level of

approximately 17, 500 psi. Specimens 8 and 9 fractured due to slip

band intersection to leave the characteristic 'line" source of frac-

ture and specime-n 7 was unloaded before fracture occurred.

It was impossiblc to determine exactly where slip originated

in theme four specimens, At first it was considered that the slip
(as revealed by etching) started in the gripped area, where inevi-

table there was mechanical contact, and then ran down the gauge

length. While this may or may not have been so for some speci-

mens, in the case of specimen 9 the slip was confined entirely

within the gauge length and must have originated there. It can be
argued that the single source responsibLe for initiating slip (it
would have betij extremely coincidental if more than one was in-
volved at the yield point) wax a "grown-in" dislocation since, had

it been a "fresh" dislocation, the curve would have been smooth and
essentially similiar to that for specimen 11 as has been described

elsewhere(107).

For comparison, specimens 10 and 11 illustrate the mechan-
ical behavior of crystals containir- fresh surface dislocations.

Specimen 10 contained a few sources introduced by accident just
before the test. It yielded smoothly at 15, 000 psi before it to o
fractured at a slip band intersection. Specimen 11 was deliber-

ately sprinkled after polishing to introduce a high density of sur-

face dislocations. It yielded smoothly at 11, 000 psi and was very
ductile (hence the horizontal arrow in Fig. 10-1) in agreement

with earlier observations on the tensile behavior on magnecia

crystals (10 7? .
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Polishing a crystal so thoroughly that all fresh dislocation

sources were eliminated therefore served to raise the strength

considerably and change the yielding behavior. The obvious inter-

pretation was that the "grown-in" dislocations we'e strongly locked

either because of the impurity precipitate particles strung along

their length or because they possessed the wrong Burgers vector

to initiate glide on the < 110> (110) system. There was

apparently a considerable fluctuation in the stress required to un-

lock them since some crystals remained elastic up to 80, 000 psi
and above, while others yielded at 36, 000 psi, This fluctuation

may be due to the amount of impurity or the thermal history of the

individual specimens. For the most part the crystals were receivid'd

from the Norton Company and their thermal history and purity was

unknown. Only three tension specimens (No. 's 9, 3 and the bi-

crystal) were given a heat treatment, this consisted of a 1/2-hr
anneal at Z000°C followed by a relatively slow cool, taking a fur-

ther 1-hr to reach room temperature, Significantly all three spec-

imens deformed completely elastically. Whether a quench from the

same temperature to isolate the dislocations from the impurity par-

ticles would result in a different behavior was not determined. How-

ever, bend tests to be described later indicated no difference,

it will be noted in Table 10-I that the four specimens to attain

the highest strength, No. 's 5, 6, 7 and the bicrystal, were also the
ones of smaller cross:-section. The only significance attached to

this observation was that it was a consequence of the statistical dis-

tribution of "grown-in" dislocations which could become active under

stress; the smaller the stressed volume, the less the chance that

slip would nucleate.

There was another important observation concerning the distri-

bution !%f slip in carefully polished crystals as they yielded. Imne-

diately after the yield drop, slip was found to have occurred in widely
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spaced bands on intersecting planes all along the gauge length,

Since slip originates at a single source, it was interesting to in-

quire how it could spread to form the systems observe4 at frac-

ture. It should be remembered that when slip nucleated from a

single fresh source, yielding occurred smoothly and the source
gave rise to a single slip band which merely continued to get wider

by the double cross-slip mechanism(l 0 " 8) at its edge (I 0 7 . The

diffp-ence between these two situations must be ascribed to the

stress level at which the single source began to operate. In the

case of grown-in dislocations the stress level was very high: it

is proposed that the initial burst of dislocations moved with such

a high velocity that the concentrated stress pulse associated with

them was able to trigger off other grown-in sources. Evidence

that this could occur was obtained indirectly and is illustrated in

Fig. 10-2 on a specimen undergoing bending; it can be seen that

a slip band initiated slip on orthogonal systems at points where it

intersected the grown-in substructure. No corresponding evi.

dence could be obtained on the tension epecinens; in general, the

ilip bands were too far developed to be able to determine their

origin.

B. Bend Tests

The elimination of surface dislocations by polishing resulted

in a very striking change in the fracture behavior of crystals un-

dergoing bending as compared to those subjected to tension, The

reasori for this was that fresh dislocations were reintroduced along

the line of contact with the central loading point on the beams, so

that dislocations were able to move quite easily on the compression

surfaca to promote local plastic deformation. The slip distribution

then-took the form shown in Fig. 104(a). Under load the neutral

axis, as observed under polarized light, became further and further
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Fig,, 10-2 NUCLEATION SLIP ON INTERSECTING
SYSTEMS BY A PASSING SLIP BAND FOR
SPECIMENS SUBJECTED TO TENSION(X75)

(Note slip origination where the passing
slip band cuts across the substructure).
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depressed toward the tension surface until, at a high stress, crush-

ing occurred under the central load point and cracks started to pro-

pagate across the cross-section, Piecing the fragments together,

it appeared that the bottom strain free region had burst out of the

crystal and the sudden stress relaxation caused the remainder of
the material to shatter', This action can be seen just starting in

Fig. 10-3(a). By contrast, when the tension surface contained a

number of fresh dislocations, the neutral axis remained along the

center of the cross-section as shown in Fig. lO-3(b),; fracture then
(10-7)_eventually occurred by the mechanisms outlined elsewhere0"

The streso-dsflection curves obtained under such conditions
were rather meaningless. Nonetheless they aro included in Fig.

10-4 for the idlustration of several points. The stress quoted in

these curves wag calculated from the elastic beam formula o =
Mc/l; this is obviously inaccurate when the neutral axis displaced

and is provided only a means for comparison.

Firstj it will be noted that many of the curves showed an ap-

parent plasticity before fracture. It is now known that this was due

to deformation in the compression surface. Specimen* I through

5, 9 and 10 all shattered in the manner described above and in this
respect may be regarded as having deformed elastically up to the

maximum stress similar to specimens I through 6 in Fig. 10-1.

Specimens 6, 7 and S sudderly yielded when slip burst into the

tension region and containued deforming at a lower stress similar

to specimens 7, 0 and 9 in Fig. 10-1. Specimen II was sprinkled

to introduce a high density of surface slip sources and showed a
mare conventional stress. deflection curve.

Fig. 10-4 also compares the behavior under bending of a num-

ber of polished crystals which have been subjected to different

thermal hiatories. Within the accuracy of the technique it could be

concluded that there was no difference between a fast (within 15 min)
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Fig. 10-3-(a) SLIP DISTRIBUTION IN A POLISH~ED MgO CRYSTAL
UNDER BENDING (X10)

Upper: Polarized Illumination Lower: Etchad, Normal Illumination
(Note the horizontal crack just starting to run.)
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Fig. 10-3(b) SLIP DISTRIBUTION IN A POLISHEID AND SPRINKED
MgO CRYSTAL UNDER BENDING (X10)

Upper: Polarized Illumination Lower: Etched, Normal Illumination
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and a slow (I hr) cooling rate from 20000C. On the other hand,

fast 6ooling (within 2 min) from 1000°C gave curves different in

form to those obtained by slow cooling (I hr) from 10000C. An

explanation for these differences in terms of the locking of
"grown-in" dislocations by impurities is not available at the

moment.

C. Etch Pit Studies

Studies were made to determine the effect of heat treatment

on the resulting microstructures, as revealed by etching. While

there Were quite distinct changes they could not be related simply

to the mechanical behavior. They require a more detailed analy-

sis In the future.

On etching magnesium oxide it was possible to distinguish be-

tween fresh dislocations, aged dislocations and "non-linear" de..-

fects. Fresh dislocations gave deep sharp conical pits of uniform

size aligned in rows parallel with o1003 or [110] directionw,

whereas aged dislocations were not so readily attached and left re-

latively smaller pits of varying sizes. Non-linear defects, which

would include vacancy clusters, precipitate particles, etc., left

shallow flat-bottomed pits.

Fig. 10-5 compares the microsoructure following an anneal of

companion Norton crystals at (a) 20000C and (b) 1000 0 C. These

were typical and could be developed essentially independent of the

cooling rate from the respective temperatures. In Fig. 10-5(a)

the only pits to be seen were those due to aged dislocations located

in small angle boundaries, and a few isolated dislocations within

the substructure against an exceptionally clear background. By

contrast when the same starting material was annealed at 10000C,

(Fig. 10-5(b), the region between the small angle boundaries
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contained a high density of shallow pita except in the immediate

vicinity of the boundary where there was a marked "denuded zone".

The denuded none appeared similar to the distribution of precipi-

tate in the vicinity of grain boundaries in materials undorgoing a

precipitation reaction, although it was not clear why the micro-

structure was independent of cooling rate. Fig. 10-5(b) also in-

cludes some etch pits due to fresh dislocations in the bottom left-

hand corner for comparison.

Etching crystals in the as-received condition generally led to

a microstructure similar to Fig. 10-5(b) although the background

density of shallow pits was not so high. All that can be concluded

with certainty at this time is that annealing at 2000oC tends to clear
up the background, presumably because the precipitating species

was taken back into solution.

4. EFFECT OF HEAT TREATMENT ON PRtE-STRAINED

CRYSTALS

A. Bend Tests at Room Tempe-atur*

Tests to study the effects of heat treatment on prestrained

crystals have been conducted under bending only, For the pur-

poses of comparison the majority of tests have been run on spec-

imens cleaved from the same large parent block. The specimens

were annealed first at 20000C for 1/2 hr with a fast cool, chemi-

cally polished and sprinkled with 325-mesh silicon carbide parti-

cles. They were then preloaded with a slight moment at room

temperature, and annealed at various temperatures for different

times. Next, they were reloaded at room temperature to doter-

mine the change in strength, fracture behavior and dislocation

density. Typical results following a 1-hr anneal at various tem-

peratures are included in Fig. 10-6 and 10-7. In Fig. 10-6 the

flow stress ratio a/ol is plotted as a function of the annealing
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temperature; T" was the stress ievel at which preloading stopped

and lyz was the stress level at which the first indication of renewed,

slip was observed in the tension region after the anneal. It should

be noted that the value used for di was generally less than the stress

required to promote macroscopic yielding. As Fig. 10-6 shows, the

yield strength decreased slightly following an anneal at temperatures

up to about 500 0 C. Above 600 0 C, the hardening was increasingly ef-

fective until at 1200 0 C the strength could be approximately doubled

by annealing. Annealing for one hour (or even half an hour) at 1500°C

or ZOOO0 C raised the yield strength so high that slip could not be reac-

tivated before the specimen fractured by crushing from the compres-

sion side as described in Section 3B.

Typical stress-deflection curves following'x 1-hr anneal at 600,

700, 800, 1000 and 1200 0 C are included in Fig. 10-7. The preload

stress level and deflection are included to the left of each curve.

There were a number of Interesting points:

(1) The curve following the 600 0 C anneal wao significantly dif-

ferent from the others. There was virtually no strengthening the

curve was smooth and the ductility considerable, In addition, the

complex fracture behavior and high slip band density were character-

istic of magnesia crystals which had been sprinkled but not annealed

at all(10-7), Similar observations were made on crystals annealed

at Z00, 350, and 500 0 C and at 600 0 C for periods up to 16 hours.

(2) As tie annealing tezqwprature was raised above 6000C, the

strength increased markedly, but the curves became Jerky and tho

ductility decreased. After I hr at 7000 C the curve levelled out and

the specimen underwent hardening before fracture after considerable

ductility. At 800°C the curve likewise became smoother but never

levelled out. At 1000 0 C and 12000C the yield drops were much more

pronounced and the specimens were quite brittle. In all cases the

specimens fractured from a characteristic line source due to slip

band intersection
( 10 -7 ' 10-9).
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By varying the time of anneal at the different temperatures it

was possible to get an over-all picture of the rate at which strenth-

ening occurred. Rather than reproduce the curves in detail (the

pattern was always the same as in Fig. 10-7) only the change in the

flow stress ratio di/ r, will be reported here. The ratios are

plotted in Fig. 10-8 as a function of annealing time. It will be

noted that the curves for 700, 800 and 10000C could be grouped

together and tended to level out at a value of 1. 6. The curve for

6000 C was lower and levelled out at . 25. By contrast the curve

for 1200°C was distinctly steeper and higher. In fact, after 2 hr,

at 1200°C the slip in the tension region could not be reactivated even

though the streaw reached a value Z. 5 times d", Instead, the speci-

men fractured by crushing from the compression side as described

earlier, This imposed a fundamental limit on this aspect of the

study.

In all of the tests reported in this section the gauge length was

viewed through the polarising microscope during the fisal loading.

It was confirmed that each of the yield drops contributing to the

Jerkiness on the curve corresponding with a burst of slip generally

in the tension region of the crystal. A similar correlation was

made with the slip band density determined by etch pit techniques,

The number of yield drops vorresponded exactly with the number

of slip bands which could be seen to have reactivated under stress.

From these obeervations, it is possible to draw some general

conclusions concerning the mechanical behavior of annealed pre-

strained crystals. First it is concluded that an an=ea at 5000C or

6000C has only a minor effect on the stress required to move dis-

locations; the sources are easily reactivated and their high density

leads to smooth yielding. At 700°C the dislocations become more

strongly locked and can be reactivated only ono by one until the den-

sity at active sources is again high enough to produce a smooth

stress deflection curve. At higher temperatures the locking is

stronger and lead to sharp yield drops.

- 4Z8 -



4 -

00

o~~ 0 S 0U 
5

U...

0)0

01

0"

I0 I I UU

- 4Z9 -



It is important to note that the strengthening arises from dis-

location locking and not from a change in microstructure for if a

preetrained and annealed crystal was sprinkled to reintroduce

fresh sources, then it became as, soft and as ductile as before

the anneal.

B. Bend Tests at High Tempratures

Again for the purposes of compaison the majority of tests

have been run on a large number of crystals cleaved from the

same block. In one series of tests specimens cleaved from a

Norton Company single crystal were annealed first at 2000 0 C

for l/Z hr with a fast cool, while in another series, a Semi-
Elements crystal was tested both as-received and after an anneal

at, Z 0 C, The specimens were carefully polished, sprinkled

with 325-mesh silicon carbide pat-ticles and preloaded at room

temperature. The purpose of the preloading was to fill the ten-

sion region with fresh slip dislocations and also to measure the

stress level I at which room temperature slip was occurring.
Loading was continued at the high temperature for a 1eriod long

enough to establish its yielding behavior; finally the test was com-

pleted at room temperature, A typical loading sequence of this
nature is illustrated in Fig. 10-9.

Ac the test temperature was increased there was a marked

change in yielding behavior. For the crystals pre-annealed at

2000°C (chiefly Norton Company) the stress deflection curves

were smooth at test temperatures up to 400°C with a noticeable

work hardening. At 500 0 C the plastic region of he curve was

flat and smooth, and showed no work hardening., At 600 0 C the

curve was also flat but very jerky. Above 7000 C there was a

large yield drop followed by considerable jerkiness as illustrated
in Fig. 10-9(b) at 850 0 C. Essentially similar observations were
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Figure 10-9 TYPICAL SEQUENCE OF BEND TESTS TO DETERMINE

HIGH TEMPERATURE MECHANICAL BEHAVIOR,

MgO Crystals Preannealed at ZOO0C
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made on the (Semi-Elements) crystals except that the transition

to jerky flow occurred 1000C higher. It was important to note that

the transition in high temperature yielding behavior occurred be-
tween SO0C and 600 0 C, precisely the same temperature range

wherein annealing started to produce an increase in room temper-

ature strength as shown in Fig. 10-6.

The effect of temperature on the strength of MSO single cry-

stals could be illustrated best by plotting the ratio of the flow

stresp a the high temperature (owj) to the flow stress at room

temperature (Ci) as a function of temperature. The use of the

flow stress ratio, tri/d normalized the results and eliminated

any variation in yield strength from specimen to specimen. As

Fig. 10-9 shows, a different value of o'Z/oj could be obtained de-

pending upon whether the temperature was increased or decreased.

These ratios are plotted in Figs. 10-10 and 10-11 for the Norton and

Semi-Elemeuts crystals respectively. Several interesting deduc-

tions can be drawn from an examination of these figures, as fol-

lows:
For increasing temperatures, the flow stress ratio passes

through a minimum at approximately 500 0 C and a maximum at 8500

C when both Norton and Semi-Elements crystals were given a pre-

liminary anneal at 2000C. The curve from Fig. 10-10 is replotted

in Fig. 10- 11 to show that the three points obtained on annealed
Semi-Elements crystals lie right on the same curve. It was inter-

esting to note that crystals tested under these conditions were

equally as strong at 85000 as they were at 200°C.

The strength of as-received crystals decreased continuously

with temperature. Comparing both temperature increase ratio

curves in Fig. 10-11 it can be seen that as-received crystals were

relatively stronger at temperatures up to 6000C, but above 6000C
pre-annealed crystals were superior.
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It is interesiting to note that essentially similar observations

were made by May and Kronberg (I 0 6), who compared the yield

strength of as-cleaved crystals in three conditions, at-received,

quenched from lQOC, and slowly cooled from 1000 0 C. Both the

as-r(,ceived, quenched from 100010 C, and slowly cooled from 1000 C.

Both the as-received and the slowly cooled crystals showed a grad-
ually decreasing strength similar to as-received crystals in Fig.

1011, whereas the quenched crystals showed a minim, rx and max-
imum in the strength curve at precisely the same tempt ratures

measured on our annealed crystals in Fig. 10-10. May and Kron-

berg's results are plotted in Fig. 10-10 for comparison.

The purpose of the final test at room temperature was to de-

termine whether or not the increased dislocation mobility and

ease of cross slip during high temperature strain would produce

a crystal softer and more ductile than before. A simple evalua-

tion of this could readily be obtained by comparing the relative

values df the flow stress ratio, ./ojI on increasing and decreas-

ing the temperature in Figs. 10-10 and 10- 11. If cr/or on raisin,

the temperature was less than on lowering it, then by definition the

yield stress in the final room temperature test was less than the

flow stress at the completion of the initial test. In this case the
crystal was softened by the intermediate strain. If the values of

the ratios were reversed, then the crystal was strengthened by the
intermediate strain.

In Fig. 10-11 the flow stress ratio for decreased temperatures

showed a continuous drop with rising temperature, but always

maintained a value greater than that of the flow stress ratio for

increased temperature ratio. Thusp the as-received Semi-Elements

Crystals were always hardened by the intermdate high temperature

strain....1 n Fig. 10-10 the situation was more complicated, the tem-

perature decrease ratio also showed a continuous drop with temper-

ature, but it intersected the inflected curve for the temperature
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increase ratio at 700 0 C. Thus, crystals annealed at 2000 0 C were

softened by intermediate straining at temperatures above 700°C.

This is also illustrated in Fig. 10-9, where it can be seen that d

is greater than o, for intermediate straining at 850 0 C.

These results should be compared with the results of Section

3A where the consequences of annealing alone were described.

There it was shown that intermediate annealing at temperature

below 500°C led to softening but above 600 0 C resulted in harden-

ing. These observations raise the question as to what extent the

preliminary anneal at 2000°C influenced the results shown in Figs.

10-6, 10-7 and 10-8. Experiments in the future will be designed to

clarify this point, since it obviously represents a most important

aspect of thermal-mechanical history from the viewpoint of both

experimental analysis and theoretical interpretation.

C. Etching Studies

In Section 3A it was shown that (pre-annealed) pre-strained

MgO crystals became stronger upon annealing at temperatures

above 600C and that the strengthening was to be associated with

the locking of dislocations, It is important both from the funda-

mental and technological point of view to understand the source of

this strengthening. In this respect etch pit studies have been most

stimulating although the observations and their interpretation remain

incomplete and somewhat complicated. All etch pitlstudies have

been cosdtucted on the tension surface of crystals undergoing bending

and have been limited chiefly to the emergent screw dislocations.

At the outset it was clear that '1resh" and "locked" dislocations

could be etched differently. "Fresh" screw dislocations were

sharper, larger, more regular in size and more unsymmetrical

than "locked" dislocation etch pits. The unsymmetry in fresh pits

arises from the fact that screw dislocations intersect the surface
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at 450 . The comparison may be made directly in Figs. 10-5 and
10-12 where fresh dislocations and locked dislocations have been

placed side by side in the same crystal.

In one series of experiments crystals were prestrained at
room temperature, annealed, etched, reloaded at room tempera-

ture and etched again. With this double etching procedure it was
possible to determine to what extent the original fresh dislocations

were reactivated after they had been annealed. Fig, 10-13 com-
pares two crystals (a) annealed at 600 0 C and (b) annealed at 8000 C.

In the crystal annealed at 6000 C it was noted that: (a) the
etch pits were equally as sharp and unsymmetrical as "fresh"
screw dislocations, (b) slip during the second test continued
from most of the slip band segments introduced in the prestraining
(c) where slip had continued the original pits remained sharp in-
dicating that the screw dislocations were still located in their
original positions.

In the crystal annealed at 800°OC it was noted that: (a) he
etch pit were no longer as uniform in sie, as sharp or as un-
symmetrical as fresh dislocations, (b) slip had continued frorn
only a few of the original slip band segments. In fact, the number
of reactivated bands revealed by etching could be correlated ac-

curately with the number of yield drops at the beginning of the
stress deflection curve in Fig. 10-7.

These observations supported the proposal made earlier
(Section 3A) that dislocations in slip band segments were only

weakly locked by ao anneal at 6000 C but strongly locked by an
anneal at 800 0 C.

The change in appearance of screw dislocation etch pits
following an anneal at 800°C and higher was most significant and

experiments were undertaken to determine the cause. The technique
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consisted of placing fresh and "locked" dislocations side by side

as in Fig, 10-12 and then etching deeper and deeper beneath the

crystal surface to map the "locked" dislocation lines with the

fresh dislocations acting as markers. The conclusion from this

type of experiment was that the "locked' dislocations lay in the

same (1103 plane as fresh dislocations but their rate of etch-

ing was retarded, thereby producing pits more synmmetrical in

appearance. 'This retardation could be explained by assuming

,.hat impurities had condensed onto the dislocation lines to lower

their core energy.

In a second series of experiments crystals were preitrained,

etched, annealed and etched again. Again annealing at tempera-

tures below 600 0 C did not affect the slip bands but above this

temperature both the location and density of dislocations was
changed. This is illustrated in Fig. 10-14 following an anneal at

l00OC, where the lines of flat bottomed pits indicated that most

of the dislocations had left their original position in the crystal,

The small sharp pits-within these lines represented the new loca-

tion of the remaining locked dislocations.

We tentatively conclude on the basis of these etch pit studies

that the effect of annealing was two-fold: first, many of the dislo-

cations disappeared through climb and annihilation and second,

those that remained had an associated impurity environment.

It is interesting to note that Groves and Kelly ( 10 "5 ) have re-

cently applied the electron transmission thin film technique to a

study of the effects of annealing on dislocation loops in magneisurn

oxide. Their technique limits their study chiefly to the behavior

of edge dislocation components. These authors show that the edge

dislocation dipoles left behind dislocations as they move over slip

planes at room temperature(I'0-8, 10-10) break up into a series of

closed loops once the annealing temperature exceeds 700-800 0 C.
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Fig. 10-12 APPEARANCE OF DISLOCATION ETCH PTS,

(a) WHEN FRESH AND (b) AFTER AN ANNEAL AT

1200'C FOR I HOUR (X500)
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Fig. 10-13 THE REACTIVATION OF SHORT SLUP BAND SEGMENTS
FOLLOWING AN ANNEAL (a at 6000 C, (b) at 8000 C (X250)

Note: Difference in appearance of large pits between (a) and (b).
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Such a change in dislocation structure would also be expected to

contribute to the hardening observed after an anneal.

Finaly, etch pit techniques were used to monitor the high

temperature tests. While a detailed analysis was not completed
there were some interesting preliminary observations; as follows:

The dislocation distribution in slip bands produced at high
temperatures was very different from that at room temperature.
Fig. 10-15 shows an example of slip at 6000C. The density of
dislocations remaining in the slip bands was less than at room
temperature, but there was a higher density of non-linear defects

(identified by shallow bottomed pits) produced in the wake of dis-
locations.

When prestrained crystals were deformed at temperatures
up to 5000C, the dislocations produced during the deformation at
room temperature continued to move and contribute to the plastic

deformation at the high temperature, The stress-deflection curves
under these conditions were smooth (Section 3B). When prestrained

crystals were deformed above 7000C only a few of the room temper-
ature dislocations contributed to the high temperature plastic defor-
mation. The stress deflection curves under these conditions were
jerky (Section 3B).

From these observations it was concluded that the Jerky flow
exhibited at high temperatures (see for example Fig. 10-9) was
again due to a dislocation locking phenomenon. It was tempting
to conjecture that a similar mechanism was responsible for both
dislocation locking during annealing and duing high temperature

deformation especially since the transition in mechanical behavior
in both instances occurred in the same temperature range.

S. DISCUSSION AND CONCLUSIONS

The work described in the preceding sections may be sum-
marimed briefly as follows:
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Fig. 10-15 SLIP BANDS PRODUCED IN AS-RECEIVED MgO CRYSTAL

AT 600 C (X350)

Note the trail of flat-bottomed defects left behind the
dislocations.
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(1) "Grown-in" dislocations in as-received magneisurn oxide

crystals are-locked very strongly and specimens may be subjected

to extremely high stresses (50, 000 to 80, 000 psi in tension) with-

out yielding. When crystals are annealed at 20000 C the grown-in

dislocations seem to be locked even more strongly since one spec-

imen has supported a tensile stress of 110, 000 psi without yielding.

It is not presently clear to what extent heat treatment affects this

behavior.

(2) Heat treatment does have an affect on the etching behavior

of as-received crystals. An anneal at ZOOO0 C eliminates the back-

ground of shallow flat-bottomed pits usually present and presuma-

bly due to clusters of point defects.

(3) Crystals which have been given a preliminary anneal at

2000°C and then sprinkled to introduce a few fresh surface dis-

location sources normally yield around 10, 000 psi. After a fur-
ther anneal at temperature0 abo'vr 5000C the s',11-r fresh diislocations

become locked and the crystal hardens. The effectiveness of the
looking increases as the temperature is raised and as the time at

temperatures above 1000 0 C is lengthened. "

(4) Crystals which have been given a preliminary anneal at
2000°C, sprinkled and preloaded at room temperature show a min-

"imum and a maximum in their strength vs. temperature. The min-
imum occurs at 500°C and the maximum at 8500C.

(5) Crystals in the as-received condition, sprinkied and pre-

loaded at room temperature show a continuous decline in strength

with an increase in temperature.

(6) May and Kronberg showed that crystals quenched

from 1000°C also exhibited a minimum and maximum in strength,

whereas crystalt slowly cooled from 10000C exhibited a continuous

decline in strength with temperature.
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(7) Both as-received and pre-annealed (ZOOO0 C) crystals

show a change in yielding behavior when the test temperature is

raised above 600 0 C. The curve# become Jerky and yield points

develop.

(8) As-received crystals are softened by a high temperature

prestrain, Crystals pre-annealed at Z000oC are hardened by a

high temperature prestrain when the temperature exceeds 600°C

(9) Etch pits due to fresh dislocations are sharp and uniform

in size and remain so following anneals at temperatures up to

600 0 C. Above 700 0 C the etch pits become less sharp and non-

uniform in size due to a change in their etching rate, In addition,

above 800 0 C many dislocations are annihilated by annealing.

At this time there is no simple mechanism which can account

for all of these effects; indeed it seems likely that a number of
different yet interdependent processes must be involved. One
such process is that proposed by May and Kronberg (10-6) con-

cerning the solution and precipitation of impurities in magnesium

oxide. These authors suggested that impurities go into solution

at temperatures around 850 to 1000 0 C and precipitate aut below

this temperature range. The minimum in the strength versus tem-

perature curve in Fig. 10-10 is then attributed to the fact that im-

purities retained in solution following the quench from 1000 0 C

start to precipitate out at 500 0 C. This leads to hardening which

becomes more pronounced until the maximum at 850 0C where

they return into solution again. Unfortunately this solution and

precipitation process alone cannot account for the increased room

temperature strength of annealed cryatals when the annealibg tem-
perature exceeds 1000C (Fig. 10-6). It is possible that above

1000 0 C a second hardening process involving dislocation rearrange-

ment by annihilation or climb, of the kind observed by Groves and
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Kelley( I 0 5 ) may become more significant. Further experiments

are necessary before any more definite conclusions can be drawn

with regard to the processes occurring.

In conclusion, thit; work hai shown that the mechanical strength

and ductility of magnesium oxide single crystals and, as recent

work in our laboratory on another project has shown, bicrystals

is strictly determined by the availability and operation of disloca-
tion sources. When dislocation sources are strongly locked, bi-

crystals are extremely strong as mhown in Fig. 10-1, but should

any slip occur in the vicinity of the boundary a crack immediately

nucleates to fracture the specimen. One way to prevent this is to

lock the slip sources by annealing. However, as the work described
here has shown, fresh dislocation sources may be easily reintro-

duced by the slightest mechanical contact to the subsequent detri-

ment of the mechanical strength. This poses an interesting prob-

lem for future consideration since it is obviously very important

to learn how to prevent fresh dislocations either getting into or

moving through crystals.
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TASK 11 - SURFACE ACTIVE ENVIRONMENTS

Principal Investigator: G. T. Murray
Materials Research Corporation

ABSTRACT

The prime objective of this Task of the program was to ex-
plore the embrittling effect of various environments upon the mechan-
ical behavior of MgO single crystals. Extremely careful specimen
preparation techniques were employed to avoid masking of the surface
effects by extraneously induced conditions. Environments included
the principal constituents of the atmosphere (O, N2 , CO. and H2 0)
as well as A (used for control purposes).

Experiments were conducted at temperatures up to 600"C.
Even after lengthy exposures at various temperatures, none of the
enviroziments were found to embrittle the MgO crystalp in contradiction
to rest_ previously reported in the litrure. The only exception to
this statement occurred for specimens exposed to air at 600' C for
160 hrs, or those exposed to steam at 350' C for 4.5 hrs. However,
even these effects appear ascribable to the embrittling effect of surface
precipitates formed, rather than to diffusion of gases into the host
lattice.
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TASK 11 - SURFACE ACTIVE ENVIRONMENTS

I INTRODUCTION

It is widely recognized that certain non-metallic crystals, in

particular those possessing ionic binding, exhibit considerable plastic

flow prior to fracture. The extent of this plasticity is strongly depen-
dent on surface condition and environment. For example, in the case

of Na Cl, the most extensively investigated non-metallic material em-

brittlement has been attributed to surface flaws, e. g, , cleavage defects,

residuesp surface compound formation, and dissolved solutes (11-10 Zp 3)

For crystals free of surface flaws and residues it has been demonstrated

( 1l") that the embrittlement incurred by short exposures to the ambient
atmosphere is a result of the formation of a thin coherent NaClO 3 sur-

face layer. The situation with respect to atmospheric embrittlement of
MgO crystals is not so well defined. Several investigators (I 1-4, 5, 6)

have reported that MgO crystals exhibit a significant loss in ductility on

exposure to the ambient atmosphere, whereas other evidence (I I.7p 8)

could be found that refuted this point.

The present work was undertaken with the prime objective to

investigate and understand the relation between surface treatment and

ductility in MgO crystals, and the effect that various environments

may have in modifying this relatioriship at various temperatures.

2, EXPERIMENTAL PROCEDURE

It became apparent early in the work that the surface preparation

prior to exposure of the crystals to the gaseous media in question was

all-important, and that variations in preparation might well account

for some of the contradictions reported in the literature, Several

factors of importance that have evolved during the course of this work

and that of others (11-90 10) are listed as follows:
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(a) Cleavage cracks or steps can lead to an
early fracture.

(b) Dislocation sources introduced during
cleaving can promote ductility by decreas-
ing the slip band spacing.

(c) Chemical polishing can remove cleavage
effects but, as will be demonstrated later,
surface residues, which often remain after
normal chemical polishing operations, can
lead to embrittlement.

(d) Extensive surface removal by chemical
polishing can strengthen and reduce the
plastic strain prior to fracture through
the elimination of surface sources.

In order to examine the effect of a certain gaseous atmosphere

on the ductility of the material it is necessary to eliminate the above

embrittling or ductilizing effects. This can be done by testing a care-

fully chemically polished crystal after exposure to the gas of interest

and compare the result to that obtained on a control specimen.

Early in the work specimens were prepared by cleaving and

subsequent chemical polishing operations. These specimens yielded1

an average outer fiber strain at fracture in slow bend tests at room

temperature of about 3%. However, there existed a large scatter in

the results, presumably from 4he non-uniform distribution of surface

sources that remained after polishing. The specimen preparation proce -

dure that was finally evolved (suggested by the findings of Stokes (11-10))

and used for all data reported herein (except where noted), consisted

of the following steps.

(a) Cleave as-received Semi-Element crystal
blocks;

(b) Chemical polish in hot H P0 to remove cleav-
age defects (consists of " mi . dissolution in
H POj boiling H2 0 rinse, alcohol rinse and
d?; aiA steam );

(c) Sprinkle with 150 mesh carborundurn powder
to introduce a uniform surface distribution of
dislocation sources;
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(d) Preetrain plastically (in bending) to approx-
imately 0, 16 to expand the surface loops:

(e) Chemical polish again to remove possible
surface cracks resulting from the sprinkling
operation.

After the above treatment$ some specimens were tested in

three point bending (at various temperatures) as controls, others

were exposed to various gaseous media and subsequently tested in

an identical manner. Test temperatures at 350' C and below were

attained with an oil bath. Above 350" C the specimens were heated

in air with a radiant energy focusing heat lamp. Except where n0tedp

all tests were conducted on a hardp continuous recording, constant

(approximately 10 - 3 per min, on outer fiber) strain rate machine.

Specimen dimensions were in the order of 0. 085"1 x 0. 100" x 0. 650"
gage length. For preliminary survey work in minimum of four spec-

imens were tested for each surface condition studied. When an effect

was found that was believed to be significant a minimum of eight

specimens were employed to obtain the average result reported (outer

fiber strain is reported in all cases).

3. RESULTS AND DISCUSSION

A. Control Specimens

Typical stress-deflection curves for specimens prepared by

the carborundum sprinkling technique are shown in Fig. 11-1. These

curves are characterized by a smooth and nearly horizontal plastic

region. Tests on as-cleaved and cleaved chemically polished specimens

showed more irregular curves and larger variations in fracture strain

values.

B. Room Temperature Gaseous Exposure

(a) Ambient Air, 0 2 , NZ CO. and Argon
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Table 11-I

ROOM TEMPERATURE GASEOUS EXPOSURE

Atmosphere Exposure Tet No. of Average Standard
Timr hr Temp;p C Specimens Strain % Deviation

% Strain

Controls 0 25 12 Z.8 1.2

Ambient Air 42 25 4 3.8 0.8

CO 212 25 4 2.6 1.72

Argon 112-188 240 7 5.5 1.8
(controls)

Nitrogen 89-165 240 7 5.Z 2.5

Oxygen 17-ZIS 240 7 7.2 2.3

Contr01a 0 2 10.2

mbientAix 14"139 400 7 10.0 2.3
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The results obtained on specimens exposed for lengthy periods

to these gases and then tested at various temperatures are compared

to control specimen data in Table 11-1. Since the NZ, OZ and A
studies were conducted early in the work these specimens were pre-
pared by cleaving and chemical polishing Norton material. Except

for the ambient air and control specimen tests, all specimens were

wrapped in lense tissue and carefully encapsulated in *pproximately

one atmosphere pressure of purified reagent grade gases. After

the exposure period tk,. specimens were removed from the capsule with
extreme care in order to prevent the introduction of fresh dislocation
sources into the surface. It can be seen that none of these gases
embrittled the MgO crystals at room temperature. The stress-

deflection curves did not differ from those obtained on control spec-
imens. Microscopic examination of the air,(0 # NZ , A, and CO2 )
exposed specimen surfaces showed them to be completely free of
residue or compound formation. The CO z exposed specimens were
of particular interest since tabul'ted data showed (see rig. I 1-Z)

that MgCO 3 could form at room temperature. However, this figure
does not consider the rate of reaction, and one muut conclude that
longer aging period axve required for MgCO 3 residue formation,

C. Moisture

Although air exposure did not show embrittlement, it is con-

ceivable that embrittling inaredients other than 0. and N2 present

in the air may contribute ;. loss of ductility. One has particular
reason to suspect the moisture content of the atmosphere since

calculations from thermochemical data show (Fig. 11-3) that the

reaction

MgO + H2 0 -0 Mg OH)z

should proceed at room temperature at slight pressures of water

vapor.
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Fig. 11-2 EQUILIBRIUM CONDITIONS FOR MgCO 3 REACTION
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Fig. 11-3 EQUILIBRIUM CONDITIONS FOR Mg(OH)2 REACTION
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Specimens were exposed to saturated air in an air tight container

for periods varying-from 1 to 14 days while a met of control specimens

were exposed to dry air in a dessicator. A third set of specimens

was exposed for 4.5 hours to steam (~ I00eC) by placing them near

the orifice of a boiling water container.

After about 4 days exposure to the saturated air one could

begin to detect the formation of a surface precipitate by micro-

scopic examination. This precipitate was quite profuse after a

14-day exposure, as shown in Fig, 11-4. The precipitate was even

more marked after the steam exposure (Fig. 11-5). Precipitate

formation could not be detected on the control specimens after the

14-day exposure.

The average values ( 4 to 8 specimens tested) of the strain

at fracture -at various temperatures for each surface condition are

shown in Fig. 11-6. The 350* C test data show a definite embrittle-

ment for the steam treated specimens ( the scatter in the data

was the order of * 1.5% strain). The lower temperature measure-

ments, however, do not show significant effects. One would sus-

pect that the presence of a surface compound would shift the transi-

tion temperature upward and :thus the embrittlement effect should

show up at room temperature. However,, a sharp transition is

usually not observed in slow bend tests on ionic crystals (!1-11)

and this may tend to mask the effect at smill F-traina. An alternate

explanation is that the time at the 350* C test temperature could

alter the adherency and/or structure of the surface precipitate to

as to enhance the embrittlement. It is planned to check this possi-

bility by heating steam exposed specimens for a short period at

350* C and subsequently testing these at room temperature.

The mechanism cf this embrittlement has not been determined

as yet. The strzzau de"flectior. curves foUr tha oteam i~ pecimense warv

no different in form from those aged in dry air, showing similar yield

stresses but correspondingly lower fracture stresses than the latter.
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Fig. 11-4 PRECIPITATE ON MgO CRYSTAL AFTER 14
DAYS EXPOSURE TO WATER-SATURATED
AIR Mag. X125

Fig, 11-5 PRECIPITATE ON MgO CRYSTAL AFTER
4.5 HR. EXPOSURE TO STEAM Mag. X50
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o 320 HR EXPOSURE TO DRY AIR.

8.0 0 320 HR EXPOSURE TO H20 SATURATED AIR,

A 4.5 HR EXPOSURE TO STEAM.
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-0160 2060,
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Fig. 11-6 EFFECT OF MOISTURE ON DUCTILITY OF MgO SINGLE CRYSTALS
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Specimens exposed to water-saturated air were also tested

at 350 C; however, this set of specimens exhibited an etch pit pattern

(Fig. 11-7) on the bottom side that rested on a piece of filter paper.

Apparently the continuous contact with water-soaked filter paper

permitted a slow dissolution and concomittant etching of the disloca-

tions that had been introduced by the pre-straining operation. (The

water-saturated air exposed specimens used at the 25 andZ40*C test

temperatures did not show this pattern, the difference presumably

due to the placing of these specimens on lense tissue or other paper.)

It was found that when this etch pit pattern was on the tensile side

during the 350' C bend test the specimens were relatively brittle.

However, when the pattern was on the compression side, the speci-

mens were as ductile as the dry air aged specimens (the remaining

three specimen sides showed the usual precipitate shown in Fig. 11-4).

These results are summarized in Table 11-II. The stress-deflection

curves for the dry air aged and the brittle tension side-etched spec-

imens showed no difference in form other than that the tension side

etched specimens exhibited a reduced strain at fracture and a

correspondingly lower fracture stress (note the average stress values

in' Table 11-II).+ This leads one to suspect that the high dislocation

density slip bands have b.een etched in such a manner as to form a

notch, which gives rise to premature failure. Further experimenta-

tion is needed to clearly understand this phenomenon,

D. Elevated Temperature Gaseous Exposure

Specimens prepared in the usual manner were expos-ed to COz

(encapsulated) and air for 44 hours at Z50' C and subsequently tested

at room temperature. Theme specimens were supported in a jig

such that only the ends came into contact with foreign objects. The

results of these tests are summarized in Table 11-III. All specimens

exhibited the same stress-deflection behavior and strain at fracture

values commonly found for control specimens. No evidence of

surface precipitate could be found.
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Table 11, -I1

CO 2 AND AIR EXPOSURE AT 250-C

Atmosphere Exposu2.e Test Temperature, Average Strain,
Time, hr &C % 5 spec.

02 44 25 3.8

mbient Air 44 25 3.8

In view of the, lack of embrittlement by various gaseous media

on polished crystals it was decided to investigate the combination of

surface defects and gaseous exposure. Cleaved and cleaved plus

carborundum sprinkled surfaces were selected for initial exploration

since these types of surface damage should be fairly reproducible

from specimen to specimen. Since these specimens were quite

brittle prior to gaseous exposure, eight specimens were tested for

each condition examined. The results are listed in Table ll-IV.

It can be seen that the 250' C air exposure showed an ombrittlement

only for the 250 mesh sprinkled specimens. The 150 mesh powder

sprinkle reduced the ductility of the cleaved specimens, probably

through the introduction of small cracks. The ZS0 mesh sprinkle

enhance the ductility by introduction of surface sources, with less

likelihood of crack formation. Art air embrittlement effect in both

the cleaved and 150 mesh sprinkled specimens could be masked by

their low initial ductility. An interesting feature of this data is that

both the sprinkling operation and the 250. C anneal reduced the yield

and fracture utresses of the as-cleaved samples.

Pulliam (11 ' -8) reported that air, 0 z and CO z embrittled
crystals when exposure took place at 1000C. In view of the absence
of air embrittlement on polished specimens at 250' C in the present

work it was decided to age at higher temperatures but to limit the

exposure temperature to 600' C in order to avoid the 800' C
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"volume embrittlement" reported by Stokes (11-10). The results

of a series of room temperature tests after various air aging periods

at 600*C are shown in Fig. 11-8 ( 8 specimens averaged for the 160

hr. point --- 4 specimens for each of the other points). Theme spec-

imens showed a marked embrittlement after a 160-hr. exposure.

In order to determine if this were a surface or volume embrittle-

ment, another series of specimens were exposed for 160 hr. at

600' C and then tested after a small amount of the surface was re-

moved by a chemical polish. These results are listed in Table 11-V.

The average ductility increased as surface was removed indicating

the embrittlement was primarily in the surface layers. The surfaces

were examined microscopically aftor the 160-hr. exposure and found

to contain a high density of small dark spots (Fig. 11-9). However,

it is doubtful if the embrlttlement is a result of surface compound

formation since then the ductility should be completely restored after

only a slight chemical polish, and such was not observed. Further-

more, a comparison of the stress-deflection curves (Fig. 11-10) if

control, air agedp and air aged plus surface removal specimens show

that dislocation pinning may be involved. Although no sharp yield

points were observed, the aged specimens showed more irregular

behavior and higher yield stresses than the control specimens.

Experiments are now in progress to determine (a) if aged dislocations

can be distinguished from fresh ones by the etching technique of

Stokes (11-10) and (b) if embrittlement occurs After long aging periods

in an inert gas.

E. Extraneous Effects

During the course of this study it was found that the specimen

properties were extremely sensitive to handling procedures. In one

case the cause of the observed embrittlement was traced to the pre-

sence of a surface resilue that remained after the chemical polish;

in another cas to surface cracks on the specimen corners that
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occurred by merely lightly touching the specimen to pyrex glass.

These two types of embrittlement were examined more extensively

and are described in the following,

a. Effect of Surface Residue

It was found that minute spots of residue often remained on
the surface of some specimens after, the normal chemical polish

(Fig. 11-1 1). It could also intentially be formed by holding the
specimen a few seconds in air between the H3 PO4 and H.0 baths,

or by immersion in a H3 PO4 solution nearly saturated with MgO.
Thiu surface residue was removed (by scraping lightly with a razor

blade) from several specimens and examined by X-ray diffraction.

Two such powder specimens exhibited only MgO lines; however, one
pattern showed numerous other lines that are believed to result

from one or morle phosphate compounds. It is believed that the

residue usually consists of re-deposited MgO.

One group of specimens was allowed to f9,rm residue by air
exposure after the H3 PO4 ba-h, while another group was cleanly

polished. The average values (four specimens for each condition)

of the outer fiber strain obtained at fracture at two test temperatures

are shown in Fig. 11-1Z. (These specimens were initially prepared
according to the early cleave-chemical polish procedure.) The

embrittlement by the residue is quite evident at the 400'C test

temperature.

In an attempt to ascertain the mechanism of embrittlement

by this surface reuidue, specimens were immersed in hot MgO-

saturated H3P0 4 which created a total surface coverage of residue.

The specimens were then polished on each end in hot clean 113PO4

bath to leave a thin residue pattern near the specimen center, and

placed in a three point jig such that the residue band was approx-

imately 1. 5 mm from the point of maximum bend. The jib was
placed on a microscope such that the tension surface could be

viewed during the bending process. Approximately 50% of these
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Fig. 11-8 EFFECT OF AGING AT 600-C ON DUCTILITY OF MgO SINGLE
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Table 11-V

EFFECT OF SURFACE REMOVAL AFTER AIR-AGING AT 6000C

Treatment Average Standard Average resolved
Strain, jo Deviation, yield stress,
Of 8 spec. 16 Strain i/mm2

Aged in air
160 hr at 600' C 0.9 0.8 8,900

none removed

Aged 160 hr,
surface removed 1.6 1.3 8,600

to 0. 0025 in. depth

Agod 160 hr,
surface removed 2.1 0.8 7,650

o 0. 005 in. depth
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specimens broke at or near the edge of the precipitate nearest the
point of maximum bend. In all such cases slip bands could first

be seen at the point of maximum bend and theme grew in number

spreading toward the residue region. It appeared that fracture

occurred shortly after the first slip bands interiocted the residue.

Some of the other specimens broke at the point of maximum bend
while a few broke at points not related to either the residue or

maximum bend regions. The possibility that residue acts as a
notch is being considered and further experiments have been planned.

b. Pyrex Glass Contact

In elevated temperature experiments specimens were encapmulated
unprotected with a minimum of specimen movement during encapsula-

tion. When control specimens showed embrittlement it was decided

to determine the extent of a possible glass reaction or handling defects.

It was found that cracks could be introduced into the specimen corners

by sliding the specimen through a short segment of pyrex tubing or

by merely allowing one end of the specimen to fall onto the pytrx from

a distance of the order of 5 ms. An example of these cracks are

shown in Fig. 11-13. Some cracks were microscopically visible
without the aid of an acid etchant, but it was necessary to etch to

show all existing cracks.

4. CONCLUSIONS

The effect of various structure-sensitive parameters is most

readily revealed by ductility measurements near the brittle-ductile

transition temperature. For MgO crystals tested at slow strain rates

(,1-"lo 3/m in. in bending) this transition is in the vicinity of room

temperature. (Faster strain rates would elevate the transition

temperature but would probably reduce the extent of the effect and

thus the sensitivity of detection.)
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Fig. 11 -13 CRACKS ON EDGE OF MgO CRYSTAL AFTER CONTACT

WITH PYREX TU~BE X600

-473



The data have conclusively demonstrated that, for these testo

conditions, the common constituents of the ambient atmosphere

(O2, N 2 , H 2 ) and CO 2 ) do not embrittle carefully polished MgO

crystals, even after lengthy exposures. These findings are in dis-

agreement with some of those reported in the literature, and it is

believed that this variance can be attributed to differences in surface

preparation prior to exposure. In general, the more inherently

brittle a material, the more sensitive it is to surface notches and

contamination. This was confirmed by the extreme care found to

be necessary in the present work for specimen preparation. Thus,

it was found that surface residues and cracks introduced by light

contact with foreign objects could cause embrittlement. Further-

more, as-cleaved samples were initially quite brittle and exhibited -

sufficient scatter to mask an additional atmospheric embrittlement t -.

effect. (This conceivably could have led some investigators to

erroneous conclusions.) It is possible that some ingredient of the

atmosphere, e. g., moisture, could react preferentially at surface

defects to cause embrittlem ent. In fact, the data of Table 11 -IV

indicate that'air aging at 250' C may impair the ductility of spec-

imens previously sprinkled from a 3-inch height with 250 mesh

carborundum powder whereas polished and as-cleaved samples did

not sho* embrittlernent. It is possible that microcracks were intro-

duced ixto the sprinkled specimens such that they acted as nucleation

-sites for reactions with the atmosphere.

It. is somewhat surprising that the polished moisture exposed

specimens did not show embrittlement in view of the extensive sur-

face precipitate formed and the known (II-1,2) effects of surface

precipitates on MaCl. In fact, an embrittlement was found on steam

exposed specimens when tested at 350 ° C (Fig. 11-6) and it may

well be that the structure of the precipitate was altered thereby.
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Mg(OH) 2 decomposes at this temperature and it is possible that the

decomposition itself could play a role, The tension side etch pit

embrittlement found at the 3500C text temperature is an entirely

different phenomenon and is believed to be related to notch formation,

Probably the only embrittlement of real practical significance

found in the present work is that for air aging at 600'q. The stress-

deflection curves and the surface removal tests strongly suggest

that gaseous atoms have diffused into the surface layers and locked
dislocation sources. This effect is worthy of further study.

The work descAribed has been largely of an exploratory natures
and little effort has been devoted to the study of mechanisms involved.

The more experience one gains with MgO crystals the more apprecia-
tf, v 'one becomes of the extreme notch sensitivity of this material.

With the possible excepti.on of the 600"C air embrittlement, it is not

unrealistic to consider all other embrittlement phenomena found to
be connected with the presence oi notches. Thus, surface residues,

compounds (l I-1Z)p etched slip bands, cleavage steps and microcracks
could all act as notches and cause premature failure. It is planned

to carefully evaluate this possibility in future studies of the various

m-cchanisms of interest,
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APPENDIX A - ANELASTIC PHENOMENA

IN POLYCRYSTALLINE OXIDE CERAMICS

ABSTRACT

An internal friction apparatus which vibrates a polycrystal-
line ceramic rod in flexure at low frequencies was constructed, The
apparatus was designed to permit static loading of the specimen in
tension while it is vibrated. Using this equipment the variation of
internal friction, 0-I with T, vibration amplitude, static load, and
time in a Morganite AlO. 1 koi hao been briefly examined. The
tempekature variation Af- 0- of this oxide is unlike that of Chang's
pure Al 0 by not having a sharp grain boundary relaxation peak, and
by sho'Anj plkstic behavior at a lower temperature.

The dependence of Qt on vibration amplitude (which may be
transposed into a strain amplitude and a corresponding stress) re-
sembaes that of metals and single crystals in that the rate of increase
o -swith amplitude rises -harply above a certain critical value,
However, the activation energy of the anelastic process in the alumina
c-rahid suggests a diffusion rather than a dislocation mechanism.
In some cases, this diffusion process can be shown to be the same as
that responsible for creep. Where this is true, measurements of Q'
vs amplitude may be used to establish, for any desired temperature,
the critical stress above which creep rates will increase rapidly.

Static load experiments were rendered somewhat ambiguous
by concomitant frequency changes; indirect evidence suggests that
the increased stress does enhance a broad peak which probably repre-
sents a spectrum of grain boundary relaxation processes.
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APPENDIX A - ANELASTIC PHENOMENA

IN POLYCRYSTALLINE OXIDE CERAMICS

1, INTRODUCTION

Measurements of internal friction, Q" 1, in single crystals
of non-metal# (A10 3 , MgO) have been and are presently being car-
ried out as a means of studying dislocaion motion and its interactions
with ir,.,purities and defects. Such measurements have also been made
on polycrystalline mrntals, not only in connection with dislocation
studies but also to observe such phenomena as grain boundary slip
and the precipitation of new phases, However, it has only been re-
cently that damping has been measured in polycrystalline refractory
oxides. Wachtman(A- 1 ) and Chang(A ' Z) have shown that if Q1 is
plotted as a function of specimen tempekature for pure A12 03 or BoO,
a peak! which may be attributed to grain boundary slide, appears at
some temperature above 8000 C. The temperature location of this
maximum point was found to be sensitive to the vibration irequency of
the specimen, and its temperature shift with changing frequency may
be used to calculate an activation energy for the sliding process. Chang
found for A12.0 that the resulting energy was about 2 x 105 cal per
mole, similar to the value he obtained from creep experiments with
the same Al 2 0 3. Unlike the common situation with metals, impurities
introduced into the pure oxides created new peaks on the low tempera-
ture side of the original maximum.

In the case of oxides, therefore, impurities tend to lower grain
boundary viscosity, a phenomenon which is the reverse of their ex-
pected influence on dislocation motion. In the light of this result and
the coincidence between the activation energies of self diffusion and
grain boundary relaxation, Chang came to the reasonable conclusion
that the slip process in his samples was more closely allied to diffu-
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sion than to the movement of dislocations. Another result of Changls

work was the observation that while relaxation peaks induced by Cr

and La had much lower activation energies than that of the pure A12 03 ;
theme impurities did not lower the activ,-tlon energy of steady state

creep. From this it may be inferred that the relaxation processes in-

volving these two cations were not important for creep of the ceramic

as a whole.

It is evident from this abbreviated account of Chang's work with
polycrystalline oxides that the familiar internal friction technique may

have important application in the study of structural ceramics. These
materials are generally polycrystalline, and they are commonly sub-

jected to temperatures at.which ionic diffusion roay be rapid. It is,
therefore, likely that the same processes which promote damping are

in part responsible for fatigue in a ceramic exposed to stress in a

high temperature environment. Consequently, measurements of the

stress or time variation of Q-1 in heated ceramic specimens might

provide a rapid means of estimating resistance to fatigue at various

temperatures. One objective of this program was to build an appara-
tus suitable for this purpose; i. e., one which could determine 0- 1 in

a statically loaded cotari e speeimen. Another objetlve was to mea-
sure the temperature variation of Q in a commercial high (99. 7%)

Alz0 3 ceramic.

Z. APPARATUS

Unlike dislocation mechanisms in single crystals, grain boundary

relaxation processes are best observed at low frequencies. This el-
iminates the necessity for heating specimens to very high tempera-

tures, and also allows relatively simple and inexpensive equipment to
be used. Chang and Gensamer(A ' 3) have described an apparatus in

which a specimen bar is driven into free flexural vibration. The oscil-
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latory motion is detected and recorded by a linear variable differ-

ential transformer whose core is fastened to the specimen. This

basic design was used in the apparatus shown in Fig. A-i, the major

departure from the Chang and Gensamer equipment being the position
of the rigid specimen mounting, In Fig. A-i, the rigid mouot is at

the top of the bar, necessitating a heavy framework or cage to support
the massive block to which the speci-men is cl amped, All of these

subsidiary supports are possible sources of unwanted damping and
could have been eliminated by the simple expedient of clamping the

specimen at the bottom as Chang and Gensamer did, Nevertheless,
the.inverse positioning was made necessary by the requirement that

the specimen be loaded in tension in some of the internal friction

experiments,

Static loading was accomplished by a system consisting of a

long threaded pendulum and weights which were attached to the free

lower end of the specimen bar. Theoretically, the loading of the bar
could be increased without changing the frequency of vibration by

moving the weights a sufficient amount to compensate for displace-

ment of the center of oscillation. A clamping device at the bottom
of the supporting cage permitted the specimen to be immobilized while

weights were being moved or changed.

Specimens were in the form of 6 x 1/4-in, round rods of Mor-

ganite 99, 7% A! 2 03 tapered at the middle to -form a gage section

measuring approximately 0. 080 x 0. 25 in. at the thinnest pbitit. These
bars were fastened with a heat-curing epoxy cement (Emerson and

Cuming Eccobond Paste #88) into threaded steel btshings. The bush-
inm at the top was then screwed into a water-cooled fitting on the heavy

steel block, and the lower one was fitted into a short section of the

pendulum, The purpose of the threaded bushings was to facilitate speci-

men removal from the apparatus; if the Al 2 0 3 rods had been cemented

directly Into the- steel block, lower background damping levels would
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undoubtedly have been obtained. Attempts were made to reduce damp-

ing at the thread contacts by coating them with Ducb cement and by

using a lock nut and deformable copper washer, Nevertheless, despite

these precautions, it is likely that most of the instrument damping

had itx source in the supposedly rigid mounting of the specimen bar,

The sample rod was driven into free vibration by a blow from

the core of a solenoid. Heating was provided by a platinum-wound
furnace having two small holo, i drilled from the outside into the com-

bustion tube. One hole servL, as a pyrometer sight port while the

other contained a thermocouple whose junction rested about a milli-

meter from the gage section of the A12 03 rod. The entire apparatus

was fitted with a hood to permit introduction of different gaseous at-

mospheres,
ri,

To measure damping, the oscillating output fromthe differen-
tial transformer was first demodulated and then recorded by an oscil-

loscope whose trace was photographed, After correction for the

width of the oscilloscope beam trace, Q" 1 was calculated from the

amplitude change on the photographs by means of:

log dec = In M (A-l )

and
Q-, log dec/ 7, (A-Z)

where Am and Am + n are the amplitudes of the mth and m + nth
oscillations, n is the number of cycles between Am and AM + n.

The logarithmic decrement and internal friction are not entirely
characteristic of damping processes that occur in the specimen. Thus,

dE (A-3)
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where dE is the energy loss per cycle and E in the total energy of

the moving system. Therefore, if the total energy E is raised by

increasing either the mass of the pendulum bar or its amplitude, the

experimental value of Q" I will be lowered even though the specimen

does not change its damping characteristics.

For a given distance, Ll,, of the center of oscillation from the

gage section (pivot point) the total energy Eo of equation A-3 is ap-

proximately:

S A1
2

E 1- (mg + K), (A-4)

where A 1 is the amplitude of the center of oscillation, K is the spring

constant of the At203 specirnen (the force required to produce unit

deflection of the specimen at unit length from the gage section) and rri

is the mass of the pendulum system. Increasing the mass to m 2 may

cause L and A 2 to be changed to L 2 and A2 , and raises E 1 to E 2 .

To determine changes in specimen damping caused by increasing

load, the total energy of the system must be normalizted to a constant

value. This may be done by multiplying experimental values of Q-I

obtained for each load increment by the factor E 2 /E 1 , If the system is

arranged so that L and A remain constant when the mass is increased

(i. e., the pendulum weights are moved to retaif constant frequency),

E2 /E I simplifies to:

E 2  m29 + K
- g (A- 5)

3. EXPERIMENTAL RESULTS

Internal friction experiments, all of them largely exploratory,

were primarily concerned with the variation of Q" I in Morganite A1203
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rods with temperature, vibration amplitude, load, and (under con-

stant load) time.

A. Temperature Variation of a-

Figure A-2 shows three curves obtained from the same Mor-
ganite A120 3 rod by varying the static load from one lb (a) to four lb
(b) to 19, 4 lb (c). Aside from the resulting rise of tensile stress on

the specimei;, this variation also caused'the frequency to change

from 30 to 5 to 2, 6 cps. The geometry of the pendulurn was such that
at constant angular amplitude, the increase of weight also entailed

an increese in the energy o the system (E) in the ratio 1:3. 2:4. 7.

To permit direct comparison of the internal friction values corres-
ponding to these three load conditions, experimental results were

multiplied by the appropriate energy ratios before being plotted in

Fig. A-2,

Deferring discussion of the obvious load or frequen,.y effects

to a later section, it is apparent from Fig. A-2 that curves A, B, and

C for Morganite A12 03 bear little resemblance in shape to curve D
represented by Chang for pure A12 0 3 . The most important point of

departure is the large relaxation peak which culminates at about
I 1-00 0 C for Chang'I Al 2 03 and which is quite absent from the less

pure Morganite specimen. In contrast, the latter shows a rapid and

continued temperature increase of Q- above 8500 to 1050 C depend-

ing on the specimen load. On the assumption that this rise reflects

an exponential increase in rate of some aneiastic process, plots of

log Q0I vs 10 3/T were prepared for the segments of curves A, B, and

C above 10000, 9000, and 1075 0 C. The resulting curves A and B of

Fig, A-3 show a gradual change of slope from almost zero at the low-
est temperatures to a fairly linear segment which corresponds to an
activation energy (U) of about 70 kcal per mole. This behavior suggests

a transition from essentially elastic behavior to an anelastic mechan-

ism having U equal to 70 kcal per mole.
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B. Variation of 0- 1 with Vibration Amplitude

Both metals and ionic single crystals characteristically show

a sudden rise of Q" I as the vibration amplitude exceeds a critical

value. The cause of this effect is well known, and consists of a re-

lease of dislocations from pinning sites (impurities, lattice defects)

and the consequent increase in the lengths and vibration amplitudes

of the unpinned sections. The precedent of these observations sug-

gests the possibility of similar behavior in ceramics; therefore

measurements of Q' I were made with varying vibration amplitude

at a series of four temperatures. Since the amplitude of the vibrat-

ing bar depends on the distance from the pivot point, it would be pro-

ferable to replace it with a term of more general interest; i. e., the

maximum tensile strain at the gage section, or with the aid of the

elastic modulus, the stress producing this strain. This calculation
is rendered somewhat difficult by the varying thickness of the gage

section of the specimens used in this program, However, photo-

elastic analysis of a plastic model quickly revealed the strain pattern

and greatly simplified the problem. By this means it was estimated

that a deflection of 0. 001 inch at the differential transformer core

caused a maximum tensile strain of about 8 x 10 "6 in. /in.

Results of Q" vs deflection measurementa at the four temper-

aturet are shown in Fig. A-4. Both the I15C0 and 1l7100C curves
show the discontinuous increase of 0" previously described as a

sign of dislocation unpinning. Themo discontinuities occur at maxi-

mum tensile strains of approximately 28 x 10 . 6 and 17 x 10-6 in. /in.,

and if the elastic moduli of Al 0 at IIS00 and 1210 0 C are taken as
6 6 pi(A- i 3

40 x 10 and 38 x 10 psi, the tensile stresses causing these

strains are 1100 psi and 650 psi. The fact that the critical stresses

are different at the two temperatures demonstrates that the anelastic

process in question has an activation energy. If s and a2 are the

magnitudes of the stresses at temperatures T 1 and T2

- 487 -



1. 72 x 10A4 In 6s)2
U (electron volts) I/T I iT. (A-6)

L 1  - 2

= 3. 2 electron volts or about 74 kcal per mole,

Considering the scatter of experimental points in Fig. A-4, this value

for the activation energy is in surprisingly good agreement with that
obtained from Fig. A-3.

C. Variation of Q" 1 with Load

When weights are suspended from the free end of the specimen

two major effects are produced: the rod is subjected to an addition-

al tensile stress, and the vibration frequency is reduced. Speci-

fically, the three curves of Fig. A-2 were determined under loads of

1, 4, and 19, 4 lb, which corresponds to tensile stresses on the gage

section of 50, 200, and 1000 psi, and frequencies of 30, 5, and 2. 6 cps.

Figure A-2 shows that the main effect of increasing the load is to lower

the temperature at which p lastic behavior initiates. Another effect

is to create a low broad peak culminating at about 650°C which pro-
bably represents the operation of one or more relaxation processes,

The temperature displacement noted above may be used to cal-
culate a third value for the activation energy of the predominant mech-

anism of plasticity. In this case, a1 and o2 of equation A-6 may be

replaced either -y the frequencies (or the stresses) corresponding to

curves A and B of Fig. A-2, and T2 and T, (8700 and 10500C) are the

temperatures at which Q-I first rises rapidly. When the frequencies

(30 and 5 cps) are introduced into equation A-6, U is about 60 kcal per

mole; whereas, if the stresses are used instead, U is appreciably

lower. The fairly close agreement between 60 kcal per mole and the

previously calculated values of 70 and 74 kcal per mole, establishes

that the temperature displacement for the onset of plastic behavior is

caused by the".frequency rather than the stress change, This result

is confirmed by the relative invariance of Q with load in experiments

conducted at 12000C at constant frequency.
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No direct experimental data are available at present for

determining whether the relaxation peak of curve B (Fig. A-2)

originates from the increased stress or from the lowered fre-

quency. However, indirect evidence based on the elastic modulus

will be presented in a later section in support of stress as the

causative agent.

D. Variation of 0" 1 with Time at Constant Load

Under the action of corrosion processes, failure of AI 20 3

can take.place at lower than normal stresses(AnS). These pro-

cesses age accelerated by water vapor which is prestnt while the

etress is being applied. The region of extreely high strain at
the tips of minor flaws greatly increases the local chemical reac-
tivity, thereby accelerating the processes which lead to growth of

the flaw, These changes might be reflected in a rise "of Q-I for a

specimen subjected to a constant load in a moist atmosphere. Be-

-cause of lack of time, only a few probing experiments could be

carried out at 1500, 9800, and 1300 0C in a superheated steam at-
mosphere, under stresses of 1000, 1000, and 400 psi respectively.'

None of these trials revealed any significant change of 0 over
time intervals ranging from 20 to 98 minutes, Since the specimen

did not fail during any of these exposures, it is not known at pre-

sent whether corrosion damage was actually appreciable but was
not detected by the internal friction apparatus, or whether the

stress-temperature-time intervals studied formed a region on

which only very little fatigue occurred.

4. DISCUSSION

By comparing the Q vs T curves of single crystal and poly-

crystalline Al 2 03 , Chang was able to demonstrate convincingly that
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his relaxation peak at 1100 0 C is due to a grain boundary slip process.

If, moreover, Chang's measured activation energy of 200 kcal per

mole is compared with values of 140 and Z30 kcal per, mole assigned

by Kuczynski, Abernathy, and Allen (A-6) to the self diffusion of

Al and 0 ions, the slip appears to be caused by a diffusion-like mechan-

ism.

These relationships are not so clear for the Morganite Al.0 3

used in the presen program. Only a broad low relaxation peak

occurs in curve B and there is no sign of ChangIa maximum at 1100 0 C.

Tbe sharp rise of Q-I above 1000°C is not reversed at higher tem-

peratures, and therefore represents only a progressive rise of plas-

ticity which would also occur in a single crystal, probably at a higher

temperature, Another point of' difference between pure and Morgan-

ite A12 03 is the lower activation mikergy (60-74 kcai per mole) calcu-
lated for plastic proceazgs in the latter than for the relaxation

mechanism of the former. This depression of U is undoubtedly caused
by the 0. 3% of siliceous and alkaline earth impurities in the Morganite

which not only lower the energy required to create and move oxide
2+1ion vac7ancias, but in some cases 1e. g., Mg ) are themselves very

mobile. One concomitant of the reduced activation energy is the ini-

tiation of plastic behavior in Morganite at an appreciably lower tem-
perature than in Chang's pure Aley0 note that above 1100 0 C, curve D

of Fig., A-2 returnm to values of Q' near those of much lower temper-

atures. This does not occur for the less pure Al 20 3 of curve A. The
same result is produced by doping pure AlZ0 3 with La or Cr ions.

Moreover, these ions, like the impurities in Morganite, act to lower

the high relaxation peak at 1100°C. In pure Alz0 3, this peak is pro-

bablycaused by a single relaxttion process, possibly the oscillation
of 0 z ion vacancies near the grain contacts where both the stresses

and stress gradients are at a maximum. The presence at the contacts
of a glassy phase or of high concentrations of impurities tends to divide
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the single diffusion process into a spectrum of mechanisms of lower

activation energy whose relaxation times form a broad band o values.

The consequence of this degeneration of one into many processer is to

flatten out a high narrow relax=vtion peak into a low broad one such

an occurs in curve B of Fig. A-Z,

The sensitivity of Q" I to the stresses arising from flexural

vibration has it. origin in the strain eneigy which these otresses

develop in the specimen. Strain onergy like its thermal counterpart,

can contribute to the reservoir needed to activate an anelastic pro-

cess, The lower the temperature, the more the deficit of theimal

energy must be made up from the strain source; consequently, as

shown in Fig. A-3, there is an inverse relationship between the

temperature and the minimum strain required to initiate the rapid

rise of 0',

Nevertheless, the effects produced by both energy sources

are not entirely alike: whereas Q-I rises exponentially with in-

creasing temperature (Fig. A-Z), it tends to level off with increas-

ing strain. These results imply that strain energy is ortly effective

in activating a limited number of ions which have already obtained

a certain fraction of their total required activation energy from

the thermal reservoir.

If it can be demonstrated that "t, damping process which i

being activated by strain is also active in fatigue, the measurement

of Q" vs strain amplitude (or of the corresponding flexural stress)

might have an interesting engineering application. In this case, dis-

continuities such as occur in curves A and B of Fig. A-3 signify

that a certain critical . irese is required to initiate the fatigue pro-

cess. Moreover, this stress decreases with rising temperature

(and with falling frequency). Inte'rnal friction measurements of the

type outlined in this report, can therefore provide a very rapid method

of estimating this critical stress and its variation with temperature
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and frequency - using a single specimen for the entire set of mea-

surements

As previously noted, the applicability of this procedure dependq,.

on the'coincidence of the friction and fatigue process. In this regard,

Chang found that for pure Al 2 03 the activation energiee of the 1100°C

relaxation peak and of steady state creep were about the same. This

was not true for the new peaks'introduced by the presence of La and

Cr ions; apparently the motion of these impurities contributed to Q

but they did not influence the creep process. Therefore, before Q -

vs amplitude curves can be used to predict critical creep stresses, it

will be necessary to co npare the activation energy of the dominant

friction mechanism wit that obtained from a creep experiment.

Stress effects produced by a constant load on the specimen

should for the most part be similar to those resulting from the oscil-

lating stresses generated by vibration, Unfortunately, most of these

effects were masked by frequency changes and unequivocal results

were only obtained at 12000C for stresses ranging from 430 to 850 psi.

In this region 0' 1 was found to be essentially invariant, which is in

accord with the tendency of 0' in curves A and C of Fig. A-3 to

level off at higher stresses.

Another possible stress effect is the development of the broad

maximum at 6500C in curve B of Fig, A-2, According to Zener (A-7)

0 at the peak of a relaxation process (neglecting backgr ond effects)

is given by:

1 MU MRIz ' M U M R (A- 7)

where MU and MR are respectively the dynamic and static elastic

moduli of the specimen. Consequently, any change of the elastic mo-

duli caused by a variation of temperature or stress can produce a

corresponding change in the height of a relaxation peak. In the present
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came, the heavier load of curve B (as comp4red to A) not only in-

creases the stress, but by lowering the frequency, almo displa,.es

the relaxation peak to a lower temperature. Incomplete data ini

Reference A-4 show that the rates of temperature chanr e of M U

and MR are very similar below 9000C, indeed, if any change of

MU - MR occurs, it appears to be in the direction of an increase

with rising temperature, This would lead to an intensification of

the relaxation peak at higher frequencies, which i just the revermb,

of the observed results. On the bails of this very indirect and very

slim body of evidence, therefore, the enhancement of the 6500C

relaxation peak of curve B (Fig. A-2) appears to arise from the

effects of stress.

5. CONTRIBUTING PERSONNEL

Laboratory work on the construction of the internal friction

apparatus and its application to the study of Mlrganite A z03 speci-

mens was carried out by John W. Stuart and Leon M. Atlas, with

valuable suggestions from P. D. Southgate. The photoelastic analy-

sis of stresses in plastic models and the application of these resulte

to the A1,0 3 specimens was performed under the direction of

S. A. Borts.
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